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- THEMICROTRGN- 

FIRST  LINE  OF  TITLE  ; 

A.P.  Orinberg 


I  Introduction  • 

I  “  I 

I  The  microtron  is  a  cycle  resonance  electron-accelerator  haying  | 

I  a  constant  (in  time)  master  magnetic  field.  Electrons  are  accelerated 
j by  a  high-frequency  electrical  field  created  in  a  hollow  resonant  | 

J  cavity;  a  special  type  of  resonance  acceleration  is  used:  ’’resonance  I 
(with  a  variable  multiplicity  factor.* 

J  The  idea  of  the  microtron  wasj  put  forth  by  Y.  I.  Veksler  in  1944j* 

| [l].  After  this,  only  a  few  works!  appeared  in  the  course  of  several j 
i  years  in  which  the  various  aspects!  of  the  operation  of  this  accelera4 
|  tor  are  discussed  [2,5].  The  flrsjt  description  of  a  wor  'ng  microtron, 

I  built  by  a  group  of  Canadian  physicists,  was  published  ii*  1948  [4,5]*! 

1  !  I 

{Certain  properties  of  the  microtroh  and,  in  particular,  the  possibility 

' of  obtaining  very  short  electron  clusters  at  a  good  energy  uniformity 

1  ! 

I  of  particles  attracted  the  attention  of  the  many  laboratories  to  thle 

I  ! 

| accelerator.  As  a  result,  at  the  present  time  in  the  various  c^untrlfes 
loa  the  world,  one  may  count  up  to  fifteen  working  mlcrotrons.  tJKIefiy, 


j  these  are  apparatus  designed  to  accelerate  electrons  to  2.5  or  5  Msvjj 
i  *Irr  a  number  of  articles  it  has  been  stated  that  the  idea  of  the  '* 

fjrjtLzlJL -A  ZzJJu/l  +  + 


I 


1-^^j^j^^-iBicrotron  are  electrons  accelerated  to  29  Mev.  I 

I  1  |  I 

j  |  Until  recently  the  main  drawback  In  moat  working  mlcrotrona  haa| 

J  be<n  low  electron  current  yield;  tjhe  average  (with  respect  to  time)  J 
|  electron  current  with  an  energy  oi  about  5  Key  did  not  exceed  Ua.  j 
The  second,  essential  drawback  of  the  microtron  was  that  Its  pole  I 
I  diameter  was  several  times  greeted  than  that  of  the  betatron  or  syn-j 
I  chrotron  pole,  at  the  same  final  electron-energy . 

I  |  1  ■ 

i  Some  Interesting  articles  have  appeared  recently  In  which  ex-  S 

I  FIRST  LINE  OF  TITLE  I  p ,  | 

j  perlmental  studies  of  the  working  j  of  the  microtron  are  described  [6,  | 
j  7).  The  new  Ideas  In  the  article  by  S.  P.  Kapitsa,  et  al.  are  of  ! 

I  I  | 

j  special  Interest  [7].  Their  results  show  that  the  microtron,  after  | 

|  the  Introduction  of  a  few  comparatively  simple  Improvements,  can  pro-1- 

I 

j  vide  electron  beams  of  very  high  intensity  and  can  be  considerably  | 

|  more  compact  than  earlier  microtrcjns.  I 

I  I  | 

|  In  the  present  survey,  an  examination  Is  made  of  the  basic  ex-  ^ 

I  perlmental  and  theoretical  data  cxi  the  microtron,  the  technical  par-  1 

I  !  ! 

I  ameters  of  all  known  mlcrotrona  ar|e  given,  the  place  of  the  microtron 
I  among  a  number  of  other  electron  accelerators  Is  described,  and  various 
|  applications  of  the  microtron  are  examined.  J 

I  1.  Conditions  of  resonance  electron-acceleration  I 

|  1  | 

Various  operating  conditions  of  the  microtron.  j 

I  All  mlcrotrona  built  up  to  this  time  are  of  a  single  types  a  I 

|  I  | 

l  magnetic  field  Is  created  In  a  gap  between  the  cylindrical  poles  of 

I  I 

1  an  electromagnet,  and  an  accelerating  resonant  cavity  is  placed  clos<f 

to  the  edge  of  the  pole.  The  ideajl  electron  path  is  In  the  forte  of  ^ 

1 - 4  1  4  "1 

|  a  flat  spiral  all  turns  of  which  ajre  by  circles  osculating  at  a,  single 
j-polnfe  (Fig.  l) .  These  colls  of  thje  path  are  customarily  called?  orbits. 
^  After  the  first  transit  through  the  resonant  cavity,  the  electron  moVes 


STOP  HERE 
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j 


Jfflrft  orbit,*  after  thf"  second  transit,  it  move*  along  thi 
[  second  orbit,  etc .  -  |  | 


fig.  1.  Diagram  jof  the  microtron. 

1 — vacuum  chamber;  2 — resonajnt  cavity;  3 — target;  4 — 
electron  path.  The  position  of  electron  clusters  located 
simultaneously  in  the  chamber  is  sheen.  The  lines  of  force 
of  the  master  magnetic  field  are  perpendicular  to  the  plane 
of  the  drawing.  I 


The  accelerating  voltage  acting  in  the  resonant  cavity  is  des-  | 
crlbed  by  the  formula  ^  I 


|  y(*)  =  Vacoswyt~  |  J 

j  =V.co»2»^-.  |  j 

!  i 

Let  us  find  the  conditions  of!  the  resonance  acceleration  of  an  I 
electron  in  a  microtron.  This  problem  will  be  examined  here  more 

systematically  (without  unjustified,  assumptions)  than  in  other  articles 

1  '  I 

on  the  mocrotron.  !  I 

I 

Let  us,  as  usual,  consider  rjesonance  acceleration  as  that  pro-  I 
oeas  in  which  an  electron  has  the  jsame  phase*  at  any  intersection  of  ! 

— - 5  >  5 - H 


I - Mhe  phase  *  of  an  electron  is  that  value  of  the  phase  of  thb  HF-  I 

[field  which  occurs  at  the  moment  the  electron  passes  through  thm-mld-j 
'die  of  the  accelerating  slit.  The!  numerical  value  of  the  phase  is 
always  given  in  limits  (-*,  +•)  using  the  relation  t-o*,  n1!*  I 
ianinteger. _ j _ : _ o _ J 
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J^the! -accelerating  slit.  Let  up,  however,  make  the  reservation  that  for 

FIRST  I  INF  OF  TFXT  "  ...  r 


thej  first  Intersection  of  the  slitj,  this  requirement  is  not  to  be  conj- 
I  sidlered  compulsory.  Thus,  it  is  required  that  I 


=  <P<3>  =  •  •  •  =  <p,  =  const. 


The  phase  *g  is  called  the  equilibrium  or  resonance  phase,  and  anj 
i  electron  satisfying  Condition  (2)  fLs  called  a  resonance  electron.  I 
|  The  energy  gain  of  an  electronj when  passing  through  the  resonant  j 
cavity  is  expressed  'iijf  $h.fiTifamiliar  formula  I 


APV  =  eVa!^cosq>,  j 


i  i  i 

jwhere  f  is  the  so-called  transit  phase  angle:  I 

|  ‘  #T’  I  o»  ! 

j  *  is  the  transit  time  of  the  accelerating  slit,  #  the  phase  of  the  J 

| electron.  Note  that  Formula  (5)  iis  valid  with  high  accuracy  under  thje 

{following  conditions:  l)  the  electron  moves  in  a  uniform  HF  field  | 

’parallel  to  the  lines  of  the  field;  beyond  the  limits  of  the  accelerat- 

jing  slit  the  strength  of  the  electrical  field  is  zero;  2)  the  relatljve 

I  change  in  the  velocity  of  an  election  connected  with  its  transit  throjugh 

{the  accelerating  slit  is  very  smaljl.,  i.e.,  (vg  -  Vjj/y^AC  1.  The  secj- 

lond  condition  in  particular  is  alwkys  fulfilled  for  electrons  when  { 

!  1 

!vl«c*  I 

In  working  mlcrotrons  the  magnitude  of  AW  is  not  lower  than  ~  250{ 
ikev,  and  in  most  cases  W  ~  500  kevl  Under  these  conditions,  the  time  I 

I - 5  1  5 - 1 

j  r  varies  by  not  more  than  26jf  in  a|Ll  passes  of  the  electron  through  j 

pthe  resonant  cavity,  starting  from!  the  second  pass,  because  already 

I - 2  I  s I 

at  an  energy  of  250  kev  the  velocity  of  the  electron  equals  0.7%  c. I 

I - i  I  i — : — ( 

Thefjunction  ( aln  # /2)  #/2  in  the  range  0  <  #<%0*  changes  very  slowly,) 
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Iso-Uia^-at— these  small  changes  in  The  magnitude  of  »  (  and  t  corres-  ~] 

j  FIRST  LINE  OF  TEXT  ■  1  1 

jPonjdingly)  the  value  of  the  factorj  (sin  #/2)/t/2  in  Formula  (3)  Is  | 
I  fori  all  practical  purposes  unchanged .  Therefore  it  may  be  assumed 


1  that  the  magnitude  of  r is  not  a  fuhction  of  the 

"acceleration  number "j 

[  | 

!  (’0  »  if  »  >  1,  and  is  determined  byj  the  formula 

1 

1 

l 

1  d  ! 

;  x  =  t-  =*  const,  ! 

! 

• 

•s 

i 

1  c  9  \ 

i. 

-  1 

(5)  1 

I 

I 

I  Where  d.  is  the  length 

\ 

T  ~  1 

of  the  acceljerating  slit. 

i 

1 

Therefore,  at  »  >  1  | 

|  FIRST  LINE  OF  TITLE  l 

J 

1 

6  1  d  nd  .  \ 

($)  1 

I 

■2=T“y  7  =  — =  3™“Const,  1 

1 

i where 

i 

1 

i 

.  1 

/  d  ! 

/  =  T:  I 

1 

I 

i 

i 

(7)  ! 

,  Xis  the  wavelength  of  the  accelerating  voltage.  I 

The  energy  gain  of  a  resonance}  electron  at  *  >1  is  not  &  function] 
of  f  >  1  is  not  a  function  of  r  ank  is  determined  by  the  formula 


I  Where 


(AW)v*m  eVa  ^2-  cos  q>,  -  eV,  -  const, 


cosq>.« 


(8) 


(9) 


I  The  value  Vs  is  called  the  equilibrium  or  resonance  accelerating 
|  voltage.  A  graph  of  the  function  j(sin  Ir)/lir  is  shown  in  Fig.  2. 

|  The  revolution  period  of  an  electron  with  total  energy  E  in  a 
magnetic  field  with  strength  H  equals 


-Inasmuch  as  the  energy  of  a  resonance  electron  after  passing- 


1  through  the  resonant  cavity  is  increased  each  time  by  the  same  value1 

I — : — i  .  i  i - 1 

I  4*  mo9\  (**»  >]L)  >  the  revolution] period  of  the  electron  is^ al|o  JLn-j 
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creased  each  time  by  the  same  valu; 

|  FIRST  LINE  OF  TEXT 

j  I  !A  r-rH1-rv-ML 


(v  »  2,  3,  •  •  •  )• 


This  fact  lies  at  the  base  of  the  picrotron  concept.  In  fact,  lt| 

I  |  | 

| follows  from  (11)  that  although  the  revolution  period  of  the  electronj 
being  accelerated  increases  from  revolution  to  revolution,  while  the  J 

I  i  L 

{period  of  the  accelerating  field  dpes  not  yary,  the  resonance  accelera¬ 
tion  of  an  electron  may  be  accomplished  Just  the  same  at  constant  phape, 
I  in  accordance  withstbhd£ti6W  (2)  .  IPor  this  it  is  necessary  that  ! 


AT  =  bJ'r,  : 


inhere  b  is  a  constant  non-zero 


into 


ger.  In  this  case  conditions  may 


jbe  created  at  Which  the  revolution! period  T,  of  an  electron  in  any  ^ 
Icrbit  with  *  >  1  will  be  a  multiple  j  of  the  period  Ty  of  the  HP  accelerj- 
Jatlng  field,  on  the  strength  of  wh|ch  Condition  (2)  will  be  satisfied! 


also. 


Pig.  2.  The  transit-time  factor  as  a  function  of  the  dimen¬ 
sionless  length  of  the  accelerating  slit. 


Conditions  (llX  and  (12)  give  us 


«  l>Ty 


i  Condition  (13)  is  the  fundamental  condition  of  resonance  aceeleraf 
jtlon-ln  a  microtron  and  must  be  fulfilled  at  any  of  the  various  'applir 
cable  operatingramoeiiitionB  of  this  accelerator.  However,  it  is  only 


•j-a-  necdysic^r,  condition,  not  a  sufficient  one.  Let  us  take  the  follow-! 
i  I  I 

lngj  as  the  second  condition}  Let  j  I 

|  !  -I  T,~mT ’■  («)  ! 

I  i 

where  m  Is  an  Integer  (as  will  be  'shown  below,  m  may  not  be  less  thari 

1*V  ~  !  ! 

When  Conditions  ( 15)  and  ( 14)  tare  fulfilled  jointly,  the  revolu-  J 
.-v|  tlon  period  in  any  period  starting  from  the  second  will  be  determined 
j  by  the  expreaslo^RSJ.  UNf  OF  TITLE  ~"j  ; 


rv-[m  +  (v-2)6]Ty. 


[Therefore,  the  multiplicity  factor  (’’resonance  multiplicity’’),  l.e., 
|  the  value  gp  »  T ^/Ty,  varies  from  devolution  to  revolution: 


^v“m  +  (v— 2)>. 


This  Is  Illustrated  by -Fig.  3,|  which  shows  the  Individual  case:  j 

|«  -  5.  4-1.  |  I 

J  Let  us  denote  the  kinetic  energy  of  an  electron  after  the  first 
I  transit  through  the  resonant  cavitjy  by  c  E  : 

i  r  10  I 

!  i  I 

!  I  (17)  | 

1  '  '  1  I 

I  The  second  condition  Is  usually  written  In  this  form:  T1  -  aT  , 
where  a  Is  an  Integer.  However,  lr  the  revolution  period  Ms  y 
I  understood  as  time  interval  from  ohe  moment  of  Intersecting  the  middle 
|  of  the  accelerating  allt  to  the  next,  the,  strictly  speaking,  the  usual 
{formula  T-  -  2  E-/ecH  Is  Inaccurate,  since  In  the  segment  IB  from  the 
.piddle  of  Athe  A  silt  to  the  exit!  from  the  H7  field  the  velocity  of  I 
I 'the  electron  Is  essentially  unchanged;  therefore,  the  span  velocity,  of 
{the  electron  In  the  segment  AB  differs  from  that  of  the  electron  in  . 
-its  circular  orbit  beyond  the  limits  of  the  resonant  caTlty.  It  stands 

■  a.  _  .  A  —  a.  a.  W  _ _  ^  m _  M  _ ■ m  a  ,  , m  m  _ 
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jr&Br  -kinetic  energy  of  electrons  to  be  injected  intp  the  reH 
I  sonpit  cavity..  j  I 

i  !  «•»  let  f-  -  . ,  | 

!  I  i  AIf-it,.*  : 


Then  Condition  ( 14) ,  taking  (ijo)  into  account,  is  rewritten  as 
|  follows;  ! 


j  7’i-^2-(l  +  Ci+ca)  =  m7’y. 


F/RST  LINE  OF  TITLE 


Using  the  expression  of  Ty  frojn  (13) ,  we  obtain  on  the  basis,  of 
(18)  and  (19)  I 


_ i  ~  ^  ~  ei  ' 

b 


I  This  relationship,  as  is  ( 13) >  I  is  the  condition  of  resonance  ac-  i 

|  celeration  in  a  microtron  written  jLn  the  post  general  form.  Since  thej 

|  minimum  value  of  b  is  equal  to  zero,  and  Cj  and  are  positive  numbers, 

|  it  follows  from  (20)  that  nJnin  *  2y  I 

|  Condition  (20)  may  be  fulflllejl  in  many  ways,  l.e.,  the  most  divejrse 

j  operating  conditions  are  possible  jfor  the  microtron  [8,9ll  for  examplp, 

W.  -  2,  b  *  1  may  be  selected;  then  I  c.  «  c„  -  1,  therefore,  only  yalueis 
!  |  'I 

|of  Cg>  1  will  be  suitable  (l.e.,  yB  >  511  kv),  and  the  magnitude  of  j 

W. ,  which  is  expressed  in  key,  must  by  less  by  511  than  V  in  kv.  Ifl 
I  1  I  ! 

|m  ■  3*  b  «  1  is  chosen,  then  relationship  (20)  takes  the  form;  1  +  c  ,  - 

I  1 

j-  2c g .  Therefore,  for  example,  these  conditions  are  possible  c^  >  1 

1»  eg  ■  1;  9X  -  1,  4,  c2  -  1,  2;  CjJ-  0.8,  c2  “  0.9,  etc.  ^ _ j 


r-* 


1  Fig.  3.  Change  In  resonance  maltlpliclty  during  the  transit  I 

1 tlon  of  a  resonance  electron  frcaa  the  second  ta  third  orbit  e j 
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I _ 'Xnjpractlce,  b  *  1  in  all  working  microtrpns,  since  In  this  case,) 

*  cincr  f  ik tc  r\c  tcvt  ' 
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as  Is  apparent  from  (15)  ,  the  chosen  values  of  Vs  and  Ty  correspond  | 

| to-  the  highest  value  of  H  in  a  mlci*otron.  This,  in  turn,  Indicates  I 

I  !  I 

'the  possibility  of  obtaining  the  highest  electron  energy  at  a  given  | 

1  !  I 

|diameter  Of  the  electromagnet  pole >  j 

Therefore,  we  shall  examine  only  the  case  b  »  1.  j 

I  I  ■ 

As  is  apparent  from  the  above  examples,  the  regime  at  which  b  -  ll 
land  w  *  2  may  be  accomplished  only! under  special  conditions  (which  will 
|be  treated  in  more --db tall  later) ;  in  practice,  this  regime  is  still  I 

I  1  I 

jnot  used.  The  most  widely  used  regime  is  that  at  which  b  -  1  and  m  «| 

I-  3.  Therefore,  it  is  usually  called  the  basic  regime  of  the  micro-  I 


tron. 


Condition  ( 15)  at  b  -  1  may  be  [rewritten  in  the  form  of  the  follow¬ 


ing;  working  formula  1 


HX  -  £*£•  ct  =  10,697ct  [kilo-oersted  J. 


second  resonance  condition  at 


1  has  the  form 


i  1  . 

|  Let  Hc  be  that  value  of  the  magnetic-field  strength  (cyclotron 

ifleld)  at  which  the  revolution  period  of  a  slow  electron  would  efual 
the  given  time  value  T  .  Then  1 

1  - 7  .  ' _ 

1  [mo— 


Thus  the  coefficient  c.  is  expressed  through  Hi 

— 4  z  1  o 


I - 1 


H 

c*“  ' 


m — 1 
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2)ct  (v  — 2,  3,  .  . .) 


(25) 


In  his  work  Moroz  [lOj  examines  the  possibility  of  using  ’’softened 


(acceleration  conditions"  in  the  mierotron.  It  is  shown  that  the 


r 


I  "resonance  portion  of  the  energy"  ( eVB) ,  determined  by  Condition  ( 15) J 

I  -  I  I 

imay  be  imparted  to  an  electron  not  In  one  transit  through  the  accel-  j 


eratlng  slit,  but  in  several  successive  transits,  which  form  a  cycle. 


-J 


[The  advantage  of  ^tMeNW.$ceieration;  regime  is  the  possibility  of  in- 
| creasing  the  working  value  of  H  by [a  factor  of  1.4  to  1.7.  However, 
| the  fraction  of  capturable  electrons  in  acceleration  is  sharply  de- 
| creased  in  comparison  with  the  usual  in  the  mierotron,  and  the  beam 


i current  falls  correspondingly.  In 


addition,  when  the  mierptron  pper-l 


jdtes' under  "softened  conditions,*  a  very  high  stability  in  the  valuers! 
Jh,  Va  and  X  is  required. 

Let  us  pause  briefly  on  the  problem  of  selecting  parameters  in 


'designing  the  mierptron.  The  designer  aims  at  as  high  a  resonance 


I 


| strength  of  the  magnetic  field  as  possible,  because  the  higher  H,  the; 
llower  the  diameter  of  the  electromagnet  pole  will  be  and,  therefore*  I 
[the  more  compact  the  accelerator  wj-11  be.  As  is  apparent  from  (21),  j 
lln  order  to  Increase  the  magnitude  I  of  H,  it  is  necessary  to  select  the 

I  1  ! 

[highest  possible  yalue  of  the  ratlp  c^/x,  i.e.,  to  select  a  high  valup 
I  of  V.  and  a  low  value  of  X .  At  the  present  time  the  lower  limit  of  I 

1  [  ; 

ithe  wavelength  of  the  field  in  the  1  resonant  cavity  is  determined  by 

I  *  ' 

the  .fpet  that  when  X  is  decreased  the  dimensions  of  the  resonan$cav-j 

ity  aTe  decreased  and,  therefore,  the  length  of  the  acceleratln&  Sliti 


la decreased  and  the  amplitude  of  the  electrical -field  strength 
[tha-rf sonant  cavity  is  increased  an  a  given  value  of  Vt  (la  -  Va  /d)  ^| 
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[The -highest  allowable  value  of  E„  "at  which  there  will  be  no  break-  I 

|F/RST  UNTOF  TEXT . a  r*  | 

downs  in  the  resonant  cavity  is  toj  a  considerable  degree  a  function  | 

I  of  the  state  of  the  emitting  surfaces  at  the  edges  of  the  apertures  j 
|  in  the  resonant  cavity.  It  may  be!  taken  that  Ea,max  . ^  l  Kv/cm.  Then!, 
| far  example,  at  ya  -  560  kv  and  1_  f  d/X  *  0.1  the  minimum  wavelength  j 

|V  min  S  5.6  <m.  !  | 

Let  us  note  that  with  a  decrease  in  wavelength  there  is  an  addi-  J 
jtlonal  advantage;  a^  reduction  of  the  diameter  of  the  resonant  cavity  | 
tallows  a  decreas^,Rinu'^i8F  height  of  j  the  interpolar  gap  of  the  micro-  j 
jtron  electromagnet  and  thereby  an  increase  in  the  diameter  of  the  | 
region  within  which  H(r)  =  const  with  a  given  degree  of  accuracy.  ; 

I  • 

It  stands  to  reason  that  in  selecting  the  value  of  A,  the  data  | 

I  1  | 

'on  how  the  power  and  cost  of  an  HP I  generator  capable  of  creating  an 

I  | 

|  electrical  field  With  the  required j strength  in  the  resonant  cavity  | 
!ls  a  function  of  X  should  be  taken! into  account.  ' 

1  I 

In  most  working  microtrons  an  Accelerating  field  with  X  -  10  cm  is, 

|  |  I 

|Used.  If  cg  m  l  (i.e.,  560  kv)  and  X  =  10  cm  are  taken,  then  | 

according  to  (21),  1.0  kilo-oersted.  This  example  shows  that  in  | 

I  !  1 

Jmicrotrons  the  master  magnetic  field  should  have  very  low  strength,  j 
{much  lower  than  those  values  of  H  which  are  easily  obtained  in  the  | 
jlnterpolar  gap  of  an  electromagnet  J  with  an  iron  core  even  when  the  j 

{magnetic  quality  of  the  iron  is  noi  high.  For  comparison,  let  us  1 

I  '  1  I 

jshow  that  a  magnetic  field  with  to  20  kilo-oersted  and  over  is  j 

(usually  used  in  cyclotrons  and  in  betatrons  HCjrb  ~  X  to  9  kilo  oerstedj. 
| - Dae  to  the  low  value  of  H,  the] pole  of  the  nlcrotron  magnet5 has  I 

I  ^  | 

i  diameter  which  is  considerably  lirger  than,  for  example,  that  of 

] - 3  I  3 - 1 

phaJbftatron,  which  is  designed  to  I  accelerate  electrons  to  the  same — j 
energy .  However,  there  are  certain  advantages  connected  with  this  I 
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U»|.jtfcJue  of IJR?  the  design  of  the  electromagnet  is  very  simple  end 

Tf/rst  line  of  text 

|  the-  weight  of  the  magnet  Is  relatively  low.  j 

j  I  A  number  of  authors  h*ve  put  flarth  various  suggestions  for  In-  I 
|  creasing  the  working  value  of  H  an  1  thereby  making  the  mlcrotron  morej 
| compact.  These  ideas  will  be  described  below. 

1  A  mlcrotron  with  a  given  valuej  of  H  can  operate  at  various  fre-  J 
|4uencles  of  the  accelerating  fieldj.  All  possible  variants  of  the  | 

J  working  conditions  In  this  case,  ajs  is  apparent  from  (21) ,  will  be  j 
I  subordinate  to  tfii5  rd4Wdi  t c«/  x  ^  const.  This  means  that  then  the  I 

I  '  1  I 

I  wavelength  Is  decreased,  It  Is  necessary  to  decrease  Vft  enough  so  thSjt 

la  considerably  lower  power  Is  required  by  the  generator  supplying  thel 
| resonant  cavity.  In  some  cases  this  fact  was  decisive  In  selecting  | 

I  the  operating  conditions  of  the  mlcrotron.  It  should,  however,  be  I 

I  '  '  I 

|  fame  In  mind  that  It  Is  desirable  to  use  as  high  as  possible  values  j 

jof  c2  and  correspondingly  Va,  slnci  in  this  case  the  assigned  final  I 

{energy  of  the  electrons  will  be  attained  at  the  lowest  number  of  theijr 

|  transit  a  through  the  resonant  cavity,  and  electron  losses  In  accelerSj- 

jtlon  will  be  minimum.  I  j 

I  It  Is  necessary  to  select  the  parameter  m  also  for  the  mlcrotron  I 
I  I  I 

jbelng  designed.  Knowing  m,  c1  may,  be  caluclated  from  (22)  .  A  further 

{problem  Is  that  of  ensuring  those  Conditions  of  electron  Injection  at| 

I  •  I 

jwhloh  the  required  value  of  Cj^  will  be  obtained.  The  methods  for  at-j 

Jtalning  these  conditions  depend  upon  the  type  of  Injection.  | 

I  Finally,  the  value  of  the  equilibrium  phase  #e  is  chosen  (usuallyj 

to  20%  see  below)  and,  knowing  the  length  d  of  the  accelerate 

ting  field,  V.  la  calculated  by  Formula  ( 9) .  Experiment  shows  that  thb 

|  _ _ ^  j  3 _ | 

Valueof  ya  found  by  (9)  should  be [Increased  by  5  to  Jf,  In  order  to  j 
[tahs-lnto  account  the  slackening  of  the  HF  field  beyond  the  geqmetrl  [ 
cai  iength  of  ~  i^fg^rexwtiiir  alii  and-the'  curv«t»,aE#f  the~ palh  of  J 


jjfchi ! _al*ctrjQn.Jji  the  resonant  cavity.  ~| 

FIRST  LINE  OF  TEXT  T  j 

j  2.  The  injection  of  ejiectrona  into  the  mlcrotron  j 

I  I  Five  types  Of'  injection  have  bieen  tried  in  practice  up  to  the 
I  |  I  I 

present  tine.  Although  the  oldestj  method  is  still  the  most  widely  | 

1  I  I 

iused,  it  will  undoubtedly  be  replaced  by  new,  more  modern  methods  of  j 

j injection  in  most  cases.  I  J 

1  Let  us  examine  all  these  methods. 

j  a)  Injection  using  autoelectroklc  emission  from  the  metal  of  the  i 


'resonant  cavity.  version  of  injection  let  us  call  autoelectronib 

I  injection.  I  j 

I  The  resonant  cavity  usually  used  in  the  mlcrotron  is  shown  ache.-  J 
jnatlcally  in  Fig.  4.  During  operation  of  the  resonant  cavity,  the  | 
j highest  electronic-field  strength  occurs  at  the  surfaces  of  the  annu-| 
lar  zones,  denoted  in  Fig.  4  by  thi  letters  A  and  B.  These  annular  | 
metallic  surfaces  are  sources  of  ai  intensive  electron  stream,  part  1 

| of  which  may  be  used  fpr  furtheracteleration  in  the  mlcrotron*.  Inasl- 

I  I  ' 

much  as  injection  in  the  mlcrotron J  must  be  unilateral,  it  is  necessary 

[to  take  measures  to  increase  the  intensity  of  autoelectronic  emissionj 
'from  one  annular  zone  (from  zone  Alin  Fig.  4.)  and  to  lower  subs  tan-  I 

I  I  I 

Itlally  the  amission  from  the  other j zone.  bltateral  autoelectronlcj 
emission  is  allowed,  then  the  result  will  Increased  load  on  the  1 
[resonant  cavity  by  electrons  which! are  not  useable  later  on,  and  the  i 
Increase  will  correspond  to  the  increase  in  power  required  by  the 
Iresonant  cavity. 


■  ■  .. .  ...  -  j  i  5 - J 

l  '  •  It  sEould  be  noted  that  the  assumption  about  the  autoelectronic _ , 

[mrturd  of  electron  emission  from  the  packing  of  the  resonant  cavity  > 
haals*  far  not  been  proven  by  direct  experiment.  This  observable-- — | 
electron  emission  is  probably  the  yeault  of  a  combination  of  several  , 
proceSses— autoelectronic ,  secondary  and  photoemission  [53.  I 


_i 
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j--  .  ..j^Jatoral  emission  is  attained  by  the  appropriate  processing  of  | 
the  metal  surface,  and  also  by  choking  suitable  metals,  Bnission  lsj 
I  Sharply  increased,  for  example,  with  oxidized  or  dull  surfaces  and  ! 

|  I  I  I 

I  greatly  decreased  when  the  surfaced  are  polished,  carefully  cleaned,  ! 

lor  gilded.  In  some  microtron  resonant  cavities  an  aluminum  collar  j 

I is  placed  on  One  of  the  resonant -civity  cones,  in  order  to  increase  | 

I aut ©electronic  emission.  j 

|  I 

I  As  is  known,  jthe_electron  c\nrrint^:  in  aut oelectronic  emission  | 

I  is  yery  much  dependent5  upon' the  strength  of  the  field  near  the  cathodje 

|  surface .  If  the  Fowler-Nordheim  formula  is  used  and  it  is  assumed  j 

I  that  the  electrical  field  in  the  assonant  cavity  varies  according  to  j 

I  the  law  l(t)  -  XgCos  «*yt,  the  following  relationship  may  be  obtained:  | 

I  !  /  =  /« COS* '(Ovt -exp  (  .  ^  ,  I 

I  0  ‘  y  cos  J  *  | 


.where  I.  and  B  are  constants 


,  pr  op  >r 


tional  to  the  magnitude  of  X  and 


I  functions  pf  the  properties  of  the I  emitting  surface.  , 

I  I  ■ 

The  graph  of  l( «*yt)  ,  according  to  Formula  (26)  is  shown  in  Fig.  5|. 

I  As  is  apparent  from  this  graph,  a  pulse  source  acts  during  autoelec-  | 

i  ;  I 

jtronic  emission,  wherein  the  emission  current,  in  practice,  differs  : 

from  zero  only  at  emission  phases  (f^J  from  about  -52*  to  +52*.  | 


fig.  A.  Diagram  of  a  toroidal  1  resonant  cavity. 

1+- resonant  cavity  (body  of  rotation  about  the  a-axis) j  2 — 1 ' 
waveguide. _ I _ o. 
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l^-bh^-werBlon  of  Injection  wjj_nj  «  0,  bo  that  according  to  (17)  I 


FIRST 


eiE0-AWv 


(27) 


From  (22)  we  obtain 


AWi-fm-VV,- 511 


In  autoelectronic  injection  c^ 
usually  Cj  ~  c^.  Ifc^  -  Cg,  resautnce  caidltionB  (21)  and  (22)  are 
simplified  and  ta£e  ^N,f^M7(iShich  lk  widely  used  in  the  literature: 


(28) 


may  not  be  larger  than  c^,  and 


eV  E° 

CY  t  m _ 9  > 


#1  = 


m  — 2’ 
10,697 
m—2  ‘ 


(29) 

(30) 


According  to  these  formulas,  ml  nay  not  be  less  than  J>,  and  Va  may 

T  8 

not  be  greater  than  511  kv  and  Only  the  following  values  may  be  usedtj 
511,  255.5,  170.3,  etc.  |  J 

If,  in  reality,  the  equality  *  c2  is  fulfilled  only  approximately, 
then  Formulas  (29)  and  (30)  will  bf  approximate  also.  In  addition,  | 
in  the  case  of  c^  /  Cg,  conditions  j  with  m  -  2  are  not  excluded. 
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! - Fig.  5.  Autoelectronic  emission  current  (in  relatlre  units)1' 

[ _ as  _a  jfunct ion  of  the  ptose^ of  the  HF  field, _ o. 
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1  ^JJ^owing  parameters  Va,  vB  akd  d  of  any  real  microtron,  VB  may  J 

rF/RST  LINE  OF  TEXT  , 

I  be  found  by  (9)  and  the  required  value  of  A  If  may  be  calculated  by 
|  !  I  1  I 

j  ( 28)  .  On  the  other  hand,  the  energy  gain  of  an  electron  in  a  HP  f iel|i 

Iwitk  given  values  of  Va  and  1  -  d/jk  is  a  function  of  the  emission  phajse 

I  of  this  electron  and  may  be  calucljsted  by  a  well  known  scheme  [11,  5} j- 

Ipig.  6  shows  a  graph  of  AW1(eem)  calculated  for  the  following  condi-  I 

Jtions  £ 12] *  V  -  280  kv,  1  *  0.066j.  Using  this  graph,  let  us  examine| 

Ithe  following  example.  Assume  that  in  a  given  microtron  m  -  4  and  Cgj- 

j  — 0.5  (c2  c«rresp«i4tei/?ta)PV^Tiy55.5  ky;  therefore,  according  to  (9)>  I 

j  ('  #B  24*)  .  Then  Condition  (28)  requires  that  AW^  equal  255.5  k*v. 

| This  energy  gain  is  obtained  by  anj  electron  with  emission  phase  V  em  — 

I.  1  (9)  | 

-60*  ( see  Pig.  6)  .  It  may  happen  that  this  electron  has  phase  e>  *  , 

’  j  1 

I-  *a}  in  this  case  it  will  be  a  resonance  electron.  However,  fulfil-i 

jlipg  the  conditioned2^  is  noj;  obligatory,  since  nonresonance  j 

I  electrons  may  be  accelerated  in  a  microtron  if  their  energy  and  initial 

I  ( o\  I  I 

iphase  e'  '  are  sufficiently  close  j;o  the  energy  and  phase  of  a  reson-1 

lance  electron  (see  Section  5).  Therefore,  in  the  microtron  in  ques- 

Jtion  not  only  electrons  with  f enJ  »t -60*  will  be  stably  accelerated,  j 

| but  also  electrons  emitted  at  othey  values  of  eem.  A  calculation  | 

made  for  this  microtron  [12]  showejl  that  only  electrons  whose  emissioji 

Iphase  lay  within  the  limits  of  from  -6o  to  -26*  could  pass  through  th)s 

jresonant  cavity  eight  times  and  be^  accelerated  to  the  required  energyj 

Ipf  2.044  Mev.  j  | 

|  Using  the  graph  of  l(eaB)(see  frig.  5),  it  is  easy  to  determine,  j 

IjEoxLjegcample,  by  plane  geometry,  that  the  election  current  carrey pond-j 

jing  to  this  suitable  mission-phase ; region  (the  measure  of  this  Current 

isthe  shaded  area  I  in  Pig.  5)  is  in  all  7%  of  the  total  current  of1. 

f - 2  2 — | 

| the  electrons  which  passed  throughj  the  resonant  cavity  and  entered - 1 

t  he-flr* t-  orbi|^— |^-thie  a  -divergent-electron  -b^^  Upres-the-  freson-1 

-16- 


jnnt I  cayity-jr  -inasmuch  as  the  uniform  magnetic  field  of  the  microtron 
jdoefs  not  create  axial  focusing  for  :es,  only  about  10%  of  the  electrons 
I  injiacted  in  the  first  orbit  strike  the  port  port  of  the  resonant  cavity 

I  r 

i in  the  second  orbit.  Thus  only  about  0.7^  Of  those  electrons  which 

;  ! 

iwere  in  the  first  orbit  reach  the  second.  This  result  is  in  good  agree¬ 
ment  with  a  well  known  fact  observed  in  microtrons  with  autoelectroni? 

'  I 

! injection*  yery  high  electron  losses  ( often  oyer  99%)  occur  during 

I  I  ' 

| transition  from  the  first^orbit  tol  the  second^  As  a  result,  these  ; 

1  microtrons  are  inei^ficl eniln£c c eler^Lt ors ,  with  an  output  beam  current  | 

I  of  less  than  U  &  (average  current  I  with  respect  to  time) .  I 

I  „  I 

1  A  highly  effective  method  of  increasing  the  "utilization  factor" 

i  I  1 

[of  autoelec tronic  emission  might  be  to  increase  the  amplitude  of  the  | 

I  I 

electrical  field  in  the  resonant  cavity.  For  example,  if  E*  were 

1  I  ; 

| doubled,  then  the  emission  current | would  be  increased,  according  to  ] 

I  ‘  I 

|(26),  by  a  factor  of  20,  in  the  fjUpst  place.  In  the  second  place,  | 

lowing  to  the  change  in  the  shape  oJr  the  curve  in  Fig.  6,  the  range  j 

I  of  suitable  emiasion  phases  would  j>e-  shifted  to  the  right  in  Fig.  5,  | 
(which  would  lead  to  an  increase  in  j  the  relative  magnitude  of  the 
jshaded  area  by  a  factor  of  4.4  [12|  and  the  beam  current  at  the  outpujt 
jof  this  microtron  would  be  increased  by  a  factor  of  120.  | 

J  in  practice,  however,  there  ara  great  difficulties  connected  withj 
(increasing  the  value  of  E^.  In  order  to  Increase  Ea,  It  necessary  j 

1  I  | 

to  either  increase  Y  in  this  resonant  cavity,  or  to  use  another  re-  I 
I  *  I  I 

'sonant  cavity,  with  a  shorter  acceleration  gap.  The  maximum  value  | 

of  Ya5has  already  been  selected  from  other  considerations.  Therefore', 

'the  length  d  must  be  decreased.  However,  this  increases  the  danger  ~j 

jof  je;onant -cavity  breakdown  and  its  parameters  are  deoptimized*  the  ] 

^-factor  of  the  resonant  cavity  and  its  shunt  resistance  are  deCrsasek, 

as  a  result  ofswJUdh"  high  power  is  required  in  order  ^te  obtain  the  same 
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not!  lass  than  8  os  [13] . 


and  **  560  kv,  the  length  d,  la 
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Fig,  6.  Electron  energy  after,  the  first  transit  through  the 
resonant  cavity  and  the  transit  phase  angle  as  a  function  of 
the  emission  phase  of  the  electron,  7a  -  280  kv,  1  «  0.066, 
initial  electron  velocity  v0«oL  “ 


|  8y  calculation  one  may  establish  shat  the  conditions  must  be  at  | 

I  which  the  range  of  suitable  emlssibn  phases  will  be  distributed  sym-  I 

I  1  I 

1 metrically  relative  to  the  autoelectronlc-current  peak  (Fig.  5).  For1 

1  I  I 

I  this  it  is  necessary  to  calculate  the  length  cl  of  the  accelerating 

|  silt  such  that  the  suitable  emlssljm  phases  are  grouped  near  the  phasle 
I  *em  "  °*  UslnS  the  graph  in  Fig.!  5  it  is  easy  to  calculate  that  in  | 
Jthls  case  (if  the  same  width  of  the  range  of  suitable  emission  phases^ 
lls  taken ,  i.e.,  35*)  the  relative  jmgnltude  of  the  shaded  area  would  | 

isqual  not  7,  but  700  ( area  II) .  I  I 

- 5  I  5 - | 

Calculations  of  the  optimum  length  of  the  accelerating  slit  have  , 

I  4  I  4 - 1 

^oen published  recently  [14,  15].  | Two  somewhat  different  approaches  { 

{to  this  calculation  have  been  put  iorth.  Let  us  examine  both  Torsions 

& _ _ ;irl 
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I - !-l._  .The-  problem  ia  set  up  as  fellows  Il4].  An  electron  Is  emitted 
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wheji  the  *ej0 


0,  when  the  autoelec tronic-emlaslon  current  Is  maximum, 


landl  acquire  maximum  energy  A  lnl  transit  through  the  resonant  cavity . 
This  means  that  the  phase  *  ex»  at  khich  the  electron  leayes  the  re- 
I  sonant  cavity,  must  equal  90*.  Itj  is  required  that  this  electron, 
{haying  made  one  revolution  In  its  orbit,  strike  the  resonant  cavity 
|  At  phase  -  *  g,  then  at  phase  ♦  ^  -  fg,  etc.  That  length  of  the  I 
I  accelerating  slit  at  which  this  requirement  is  satisfied  will  be  con-| 

Isldered  optimum.  that  it  given  values  of  f  ,  x  and  m,  thik 

I  I  8  "  I 

requirement  may  be  satisfied  only  At  a  single  value  of  V&,  and  the  same 
I  thing  holds  for  dQ.  Table  I  gives j the  results  of  Paul in »s  calculations 
[14]  J  -  18%  b  -  1. 


Table  I 


X-10  CM 

j  X— 3  CM  \ 

m 

.  A#‘ 

Bit 

do, 

MM 

Du 

MM 

H.e 

do, 

MM 

Du 

MM 

2 

2,309  • 

4398 

. 

20,7 

27,7 

14060 

6,2 

8,3 

3 

0,427 

828 

12,8 

42,8 

2761 

3,6 

12,8 

4 

0,238 

473 

10,1 

53,0 

1573 

3,0 

15i9 

5 

0,165 

325 

8,6 

62,6 

1083 

2,6 

18,8 

The  following  conclusions  are  made  from  these  results.  In  micro-1 

I  '  I 

|trons  operating  at  A  —  5,  the  length  of  the  accelerating  slit  consider¬ 
ably  exceeds  the  optimum  value  of  do  given  by  the  calculation  ( for  I 

I  1  I 

(example,  at  m  -  4  in  working  microirons  d  >4.5  ran,  whereas  d «  «  3  mm) . 

I  I  ! 

This  may  explain  the  low  utlllzatl9n  factor  of  autoelectronlc  emission. 

Ifor  microtrons  working  at  A  - 10,  li  is  entirely  possible  to  build  a 

I  j  5  1 

resonant  cavity  having  an  acceleration  gap  of  optimum  length.  If - — | 

However,  the  resonance  strength  of  the  magnetic  field  hippefud 
[ — . — 2  I  2  — —4 

to  be-  very  low,  and  the  accelerator  will  not  be  compact.  ■ 
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1 _ iJknather.  fact  is  even  more  essential.  It  is  found  that  the  valued 

FIRST  LINE  OF  TEXT  j 

| of  Ea  found  in  this  parameter  calculation  is  lower  than  usual  (e.g.,  | 

I  at  X  10  cm  and  m  *  3>  Ea  »  33 4  kv/bm)  .  This  leads  tp  a  substantial  I 

J  lowering  of  the  electron  current  pjf  autoelectronic  emission.  | 

1  I  I 

I  Thus  it  may  be  concluded  that  pptlmum  length  of  the  decelerating  j 

J  slit  in  the  above  sense  should  not|  be  the  aim,  but  rather  its  length  j 

I  1  • 

| should  be  as  short  as  possible.  Loss  in  emiasion  current  connected  I 
Jwlth  the  fact  that  the  maximum  attainable  amplitude  of  the  electrlcali 
I  field  is  chosen  #£iTl>NliSf>if^ntly,  J  be  much  greater  than  the  loss  due  1 
I  to  deoptlmizlng  the  distribution  of  the  range  of  suitable  emission  | 

1  phases  relative  to  the  phase  Vem  ■  0.  * 

|  The  case  of  m  *  2  is  interesting.  It  corresponds  to  an  unusuallyj 
Jhigh  value  of  H(~  4 .4  kilo-oersted)  and  Ea  ~  1.14  Mv/cm.  Note  that  | 

| in  this  case  c^  2.7  and  c2  ~  3.7^  which  is  easily  calculated.  Nhenj 
| 'the  path  of  the  electron  is  the  usjial  one,  this  version  is  not  feasible, 
(because  the  length  of  the  accelerating  slit  is  too  great  in  comparison 
With  the  diameter  of  the  first  brbit .  The  author  assumes  that  ap-j 
Jceleration  may  be  accomplished  at  H-»4.4  kilo-oersted,  electrons  being 
given  out  from  the  resonant  cavity!  through  the  corresponding  apera-  !' 

i  I  I 

|ture  (Fig.  7) .  No  calculations  are  given  however. 

2.  In  the  second  version  of  the  calculation  of  the  optimum  length. 

I  1  | 

{of  the  accelerating  slit,  the  problem  is  Bet  up  as  follows  [15].  An  1 

I  I 

(electron  is  emitted  at  phase  «|0  and  leaves  the  resonant  cavity  ! 

iat  phase  regarding  the  magnitude  of  which  no  conditions  are  given. 

|lt  is 5  necessary  that  the  magnitudes  of  Ya  and  dQ  be  such  that  this - 1 

{electron,  haying  made  one  revolution  in  its  orbit,  strikes  the  reson- 

| - 3  (2\  i  3 - j 

ant  cavity  at  phase  V'  7  -  In {addition,  a  second  requirement  is  j 

made*  i  The  revolution  period  of  thif  electron  must  be  exactly  equal  toj 
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^Xntptr^^tiple  of  the  periods  of  the  accelerating  field  (see  ! 

|  footnote  oh  page  7)  .  Kote  that  thp  adrancement  of  the  second  require^ 

imenjt  is  hardly  advantageous]  it  is  sufficient  to  fulfill  only  the  [ 

I  1  1  Ti 

I  first  One.  Table  II  shows  the  results  of  the  calculation]  a— — ,  1.f 


1-  d  V  A  . 


Table  II 


“  Va' 


|  <P,=2<*  | 

I  V°,kT 

*0 

<p.  ex 

'  578 
■  283 

0,0583 

0,0401 

2S£ 

O  O 

As  is  apparent  from  the  data  in  the  table,  the  accelerating  slit  i 

I  I  I 

| must  haye  a  shorter  length  than  ini  working  microtrons.  For  example,  | 

jat  a  »  2  and  A*10  cm*  d0  «  4.2  mm.!  It  is  possible  that  freedom  from  I 

:  1  I 

{breakdown  could  be  attained  in  a  resonant  cavity  with  d  ■  4.2  mm  at  1 
|va  -  551  kyj  its  Q-factar  would  bej  lower  than  usual  and  the  power  re-J 
jquired  would  be  higher  than  usual,  j  however,  this  would  be  worth  the  | 
■increase  in  beam  current  at  the  output  of  the  microtron.  i 


- Fig.  7.  Electron  path  shown  fir  an  increase  in  the  upper  4 - j 

_ limit  of  strength  of  the  maste^  magnetic  field.  3 _ j 

j - 2  ■  i - j 

j  In  the  second  version  of  the  calculation,  as  is  in  the  first,  thp 

working  value  of  _Y_  (and.  correspondingly  .the  value  of  H,  if  .the  equlll  • 
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librium jphase^^  is  assigned)  is  foirnd  to  be  rigidly  fixed,  and  devia-J 

jF/R5T  LINE  OF  TEXT  1 

jtioji  from  the  required  value  must  kead  to  a  decrease  in  beam  current.' 
jTJnfbrtunately,  to  what  extent  the  calculated  parameters  agree  with  I 
j  experimental  ones  has  not  been  checked*  j 

|  In  a  working  microtron  the  resonant  cavity  has  a  fixed  dimension  J 
jd  j  and  the  conditions  corresponding  to  the  maximum  beam  current  of  j 
{accelerated  electrons  are  chosen  al  follows:  V  is  varied  and  the 


>  optimum  value  of  H  is  selected  for  I  each  value  of  y_  j  as  a  result ,  opt 

I  _ _ _ _ a  I 

lVa  and  opt  H  areff&Uhf  ^BeeESection  3).  Prom  these  values,  it  would  I 
Jbe  possible  to  calculate  those  values  of  fB,  c^  and  cg  which  are  optij- 
iaum  fpr  the  given  microtron,  and  also  to  establish  where  the  optimum  - 
j range  pf  suitable  emission  phases  is  distributed  relative  to  the  phasp 

j  f  em  “  °  *  !  ! 

j  In  his  work,  Reich  [6]  describes  the  results  of  an  experimental  j 

[study  pf  some  processes  which  occui*  in  autoelectronlc  injection.  In  I 
I  -  I  j 

|  order  to  trace  the  path  of  electrons  emitted  from  a  definite  point  pn1 

jthe  surface  of  the  conic  packing  in  the  resonant  cavity,  the  follow-  | 

jing  simple  method  was  used.  An  artificial  center  of  emission  was  j 

Icreated  on  the  well  polished  edge  of  the  port  in  the  resonant  cavity  I 
1  |  I 

jin  the  form  of  a  speck  of  aquedag . ,  Data  pn  the  shape  of  the  path  of  [ 

'electrons  emitted  from  this  point  were  obtained  using  movable  slits  | 

!  i  j 

jend  a  screen  covered  with  lumlnophOr.  Thus  it  was  established  that  | 

Jonly  two  extremely  small  areas  of  jhe  emitting  surface  deliver  those  | 

{electrons  which  later  on  may  pass  through  the  resonant  cavity  the  re-| 

i  1  I 

sonant  cavity  the  required  number  6f  time  without  hindrance.  The - i 


dimensions  of  these  areas  are:  x  0.3  mm,  y  s  3mm  (Pig.  8)  .  Area 


ja  may ; be  called  the  external  emission  zone,  and  area  £  the  internal  j 
emission  zone.  Experiments  show  cjearly  that  the  two  electron  ha— a  j 
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{emitted,  byjthe_  external  and  Internal  emission  zones  later  on  form 

|F/RST  LINE  OF  TEXT  1  1 

j two |  entirely  separate  orbital  ays 


Fig.  8.  Dia^6Inubf  °tftSi£working  emission  zones  (a*  b)  on  the 
edge  of  the  port  in  the  resonant  cavity.  AB — orbital  plane, 
CD— axis  of  symmetry  of  the  magnetic  field. 


|  The  practical  conclusion  from  these  observations  is  that  it  is  | 

I  I 

necessary  to  take  measures  to  supr^ss  autoelectronic  emission  from 

1  j  1 

{the  entire  surface  of  the  port  in  the  resonant  cavity  lying  beyond  I 

jthe  areas  a  and  bj  thus  the  power  Required  by  the  resonant  cavity  j 

iwill  be  considerably  lowered.  The  I  measures  given  by  Reich  [6]  boil  i 

|  | 

jdown  to  the  fact  that  the  brass  conical  packing  in  the  resonant  cavity 

Iwas  well  polished.  Then  a  thin  layer  of  aquadag  is  applied  to  the  1 

{working  emission  zone.  "Molding"  bf  this  coating  occurs  during  breakj- 
1  I  i 

{downs  in  the  resonant  cavity,  formed  when  V  is  increased  slowly.  | 

^ After  cessation  of  breakdowns,  thi^  emission  zone  gives  a  stable  elecj- 

Itron  current  of  from  100  to  200  as i (pulse)  on  the  third  orbit*.  | 

|  In  other  microtrons  with  autoelectronic  injection,  the  beam  current 

lin  the  last  orbit  is  often  several {times  greater  than  that  obtained  | 

I  I 

in  Reich*  s  work  [6]i  it  is  —  1  ma  (pulse) .  An  even  higher  current 

J - 5  1 '  5 - 1 

(up  to  7  ma  (pulse))  was  obtained  \iuslng  this  same  type  of  injection _ | 

^n--the  work  of  Kapitsa,  et  al.  [7]J  3 - H 


'  ■  A  local  electron  emitter  in  the  form  of  a  point  was  also  triedT  [ 
It  was  found  unadvantageous  to  use (this  source  of  autoelectronid — - — i 
emission  J6] . _ , _  _ o _ j 

STOP  HERE  STOP  HERE 


-25- 


KMIiilLyUIillBJ  II J  I.11-  IMF  WWIWliWWK 


r 


| - !3hu»^jjilbi:otron  with  autoelectronic  injection  with  an  electron 

FIRST  LINE  OF  TEXT 


j^ronic  injection  with  an  electron  ~j 
energy  of  5  to  6  Mey  can  provide  a  J  beam  current  which  is  entirely  suf  j- 
ficient  for  conducting  many  physical  studies.  This  microtron  is  dis-| 
tinguished  by  the  simplest  design,  j  j 

b)  Injection  using  a  thermal  kathode  located  inside  the  resonant | 


j cavity.  Experiments  with  this  typ£  of  injection  arc  also  described 
|ln  Reich1  s  work  [6].  A  tantalum  wj.re  0.4  mm  in  diameter  was  used  as 


the  cathode.  It  was  mounted  in  the  gap  of  the  resonant  cavity  approxf 


-1 


llmately  in  the  v^tl °£>litfe  and  Close  to  zone  b  (see  Fig.  8)  .  The  | 

jCathode  serves  sufficiently  long  if  it  is  not  heated  to  excessively  j 

I  high  temperatures.  A  stable  current  of  500  *  a  (pulse)  was  obtained  I 
I  1  I 

jin  the  third  orbit.  This  value  is! apparently  close  to  the  maximum 

Attainable  in  this  type  of  injection  ( if  an  oxide  cathode  is  not  used)  , 

| Inasmuch  as  the  area  of  the  working  zone  of  emission  is  very  small,  j 

while  the  time  interval  in  each  cyile  of  the  HF  field,  during  which  ] 

I  .  I 

| electron  capture  takes  place  under] acceleration  conditions,  is  in  all1 

f  I 

about  0.1  Tv  in  the  microtron.  I 

i  ”  i  i 

|  The  structure  of  the  resonant  Cavity  is  more  complicated  than  in  i 

I  I 

i autoelectronic  injection.  There  are  a  few  difficulties  connected  with 
| the  fact  that  the  magnetic  field  ojr  the  cathode  causes  a  noticeable  | 

i vertical  shift  in  the'  orbit sj  these  difficulties  have  been  overcome.  ] 

1  1 

|  Inasmuch  as  in  the  type  of  injection  now  under  examination  it  is 


jnot  necessary  to  have  the  highest  possible  value  of  Ea  in  the  reson-  | 
ant  cavity,  a  resonant  cavity  with!  an  accelerating  slit  having  a  great - 


j-er-length  may  be  used.  This  leads!  to  an  Improvement  In  the  Q-ffusiOE-j 
[of  the  resonant  cavity.  I  4 - 1 


—  3 


_A^  in  autoelectronic  injection^  the  limit  cg  <  1  at  m  »  holds, 


«)  Injection  using  an  electronj  gun.  The  electron  gun,  which-«*y-[ 

—  —  —  —  0 
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inJector  in  microtron,  is  subject  to  the  following  | 

I  1  j 

|req^lrementst  it  must  have  extremely  small  dimensions,  so  as  not  | 

I  to  disturb  the  motion  of  electrons^ in  the  first  orbit)  electrons  must  ^ 

I  .  1  j  I 

ipass  in  a  gun  of  sufficiently  high! potential  difference,  in  order  that, 

'.-■•I  j 

'having  left  the  gun,  they  may  hit  the  gap  of  the  resonant  cavity,  in  | 

I  spite  of  the  deflecting  action  of  the  magnetic  field  of  the  microtron) 

I  the  electron  gun  must  give  a  sufficiently  intense  electron  beam.  The I 

1  j  I 

I  last  two  requirements  contradict  the  first,  and  it  is  not  easy  to  find 
Ja  satisfactory  co^proa^.seT solution^  If  it  were  possible  to  build  a  ^ 

|  small  electron  gun  which  provided  4lectrons  with  an  energy  of  -  300  j 

]  [  1 

■key,  the  first  requirement  would  bo  less  rigid,  since  the  gun  could  1 
1  1  ! 

|be  Installed  in  the  "most  free"  place  near  the  resonant  cavity  (Fig.  ] 

!<?)  •  However,  as  an  experiment  in  designing  injectors  for  betatrons  ^ 

I  I 

land  synchrotrons  shows,  electrons  With  energies  no  greater  than  80  | 

I  I 

|to  100  key  may  be  obtained  from  miniature  gunB  when  they  are  pulse  | 
ifed.  At  this  energy,  the  radius  of  curvature  of  the  electron  path  ! 


|in  a  magnetic  field  H  —  1.2  kilo-oersted  will  be  8  to  9  mm  in  all.  j 
iTherefore,  the  injector  must  be  placed  near  the  gap  in  the  resonant  j 
Jcayity.  Striking  the  accelerating  field  of  the  resonant  cavity*  the  ' 
lelectron  begins  to  acquire  energy, | and  'He  radius  of  curvature  of  itsj 
jpath  Increases  rapidly.  !  I 
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I - iJ3iifl_type.  .of  injection  is  used[  in  the  5  •  9-Me v  microtron,  and  will! 

|  FIRST  LINE  OF  TEXT  ‘  ~ 

jbe  jused  in  the  1.2-Oey,  rigid-focuBing  synchrotron  being  built  at  thej 
(Lund  University  [16,  17].  The  plabement  of  the  electron  gun  relativel 

I  i  '  .  I 

I  to  the  resonant  cavity  is  shown  in  Fig.  10  .  Negative  pulses  haying  j 

|  an  amplitude  of  80  kv  relative  tp  jthe  grounded  anode  strike  the  in-  { 

I 

j Jeetbr  cathode,  which  is  a  tungsten  f ilament .  The  emission  current  j 
| is  *'  500  ma  (pulse);  this  beam  entprs  the  resonant  cayity.  In  the  I 
J  10th  orbit  the  current  is  usual  ly^pO  ma  (pulse)  .  A  dispersive  cathodje 
I  was  aloe  used,  wftfbh the  current  to  be  increased  by  a  factor  I 
I  of  2  to  2*5;  however,  the  cathode  life  in  this  type  of  vacuum  system  1 
is  only  a  few  hours.  I  1 


Fig.  10.  Placement  of  injector  in  the  Swedish  microtron.  A 
Faraday  cup  moves  along  the  line  1 — 2;  it  is  used  to  measure 
the  beam  current  in  various  orbit b. 


The  pulses  supplied  to  the  cathode  must  have  flat-part  duration 

|af  ~  2  a  sec,  since  the  resonant  cajrity  is  fed  by  pulses  with  a  dura-  | 

ition  of  2.7  s  sec  and  part  of  this  time  is  spent  in  starting  oscllla-  I 

- 5  5 - 1 

| tions  in  the  resonant  cavity  up  to  j  a  stationary  value  of  Va.  4 _ I 

^hlsnfrawlng  and  the  basic  parfaeters  of  this  microtron  were.JdJUth 
•ly  seat  to  ms  by  P.  Yeraholm.  i  > 
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I  1  5  I 

J _ As  .calculation  showed  [161,  already  at  M,_,  ~  60  to  70  kev  all  j 

FIRST  iiiNt  OF  TEXT  j 

electrons  are  stably  accelerated  whose  phase  Is  a  range  with  a  width  | 

| Of  i  25*'.  I  I 

I  !  I  I 

j  Prom  the  parameters  of  the  given  mlcrotron  (H  -  1.23  Kilo-oersted), 

!  Xj*  9.95  cMi  b  *  1,  m  -  3)  It  may  |>e  determined  that  Cg  «  1.143*  l.e.j, 

j  *V  -  584  key,  Ci  -  ?Cg  -  1  «  1.286  and  AM.  *  577  hey.  A  higher 
I  *  I  I 

j  value  of  Cg  could  be  obtained  only)  at  a  higher  injection  energy.  Howf- 

jever,  even  at  Wlr^j  *  300  kev,  the  Jralue  of  would  not  exceed  1.576,J 

Iso  that  at  X  «  9;,§5u'!b&°th^'£resonahce  strength  of  the  magnetic  field  I 


would  not  be  greater  than  1.7  kilof oersted.  | 

I  d)  Injection  Using  a  second  reitonant  cavity.  A  resonant  cavity  I 
■  operating  at  the  same  frequency  as I  the  main  resonant  cavity  of  the  j 
mlcrotron  may  be  used  as  a  high-yoltage  electron  gun  [8].  The  elec-  I 

I  | 

|tron  source  may  be  either  a  separate  thermal  cathode  (Fig.  11),  or  a  | 
[properly  processed  surface  of  the  :?esonant-cavity  packing,  which  emitls 
I  electrons  by  aut ©electronic  emission.  As  distinguished  from  autoelec- 

I  I  I 

tronic  injection,  in  this  case  the  J  utilization  factor  of  autpelectrohjlc 
{emission  can  be  made  very  high,  ih  fact,  if  a  phase-shifting  device  | 
Us  Introduced  Into  the  feed  circuit  of  the  Injection  resonant  cavity,! 

1  !  I 

{then  that  phase  shift  between  the  oscillations  in  the  injeotlon  and  | 

main  resonant  cavities  at  which  the  maximum  portion  of  aut oelec tronic i- 

!  1  I 

|emission  electrons  will  be  capture#  under  acceleration  conditions  may 

[be  chosen  experimentally.  At  this  [optimum  phasing  of  the  resonant  | 

1  L  \ 

cavities,  the  utilization  factor  of  the  autoelectronic  emission  will  , 

I  1 

be  7Qjt,  if  the  phase  angle  of  capture  Is  taken  equal  to  33*  ( see  Sec-j 
ftldn~fca) .  I  4 - : 

I - 3  1  3 _ | 

1  The  electron  current  which  can)  be  given  by  this  injection  reaonanjt 
i cavity  may  be  made  entirely  sufficient.  According  to  the  data  [ l8]r~j 
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at  x  ~  10  cm  8ufld  up  to  0.3  a  (pulse)  at  X  ~3  pm  | 
!**yj  be  obtained,  immediately  after  jhe  resonant  cavity.  j 

J So  far  only  one  attempt  has  be^n  made  to  apply  the  injection  re-  j 
.J  sonant  cavity  in  practice  [19,  6],  I  Both  resonant  cavities  were  fed  by| 

I  a  single  magnetron.  In  addition  tj>  regulation  of  relative  phase  shifj;, 

lit  was  also  possible  to  regulate  the  amplitude  of  the  voltage  in  the  1 

1  |  1 

{resonant  cavities  independently.  The  effective  power  of  the  magnetroh 

was  found  to  be  insufficient,  and  the  experiments  were  not  concluded. | 
tin  the  future,  part  ‘if  £h£r^ower  which  is  usually  scattered  in  the  j 

istabilizing  load  will  probably  be  used  in  microtrons  of  this  type  to  1 

I  ' 

feed  the  injection  resonant  cavity j ( see  Section  5b)  .  A  ferrite  at-  j 

jtenuator  should  be  used  instead  of j this  load;  it  would  divert  energy  | 

I  •  *  I 

to  the  injection  resonant  cavity  (12). 


Fig.  11.  Using  a  separate  resonant  cavity  as  the  injector. 

K — thermal  cathode;  I— injection  resonant  cavity;  II — main  | 

I  resonant  cavity.  The  waveguide  feeding  I  must  be  beyond  I 

|  the  orbit  plane.  ^ 

j  !  j 

Higher  injection  energy  may  be J imparted  to  an  electron  by  using  j 

|an~  injection  resonant  cavity.  It  is  found,  however,  that  not  all— — I 

’  ^  _  \ 

lvalues  of  W.  ,  are  permissible  at  a  given  value  of  H.  This  is  due  1 

j - 3  J  |  3 - 1 

fact  that  the  injection  resonant  cavity  operates  on  the  yame _ 1 

wavelength  as  the  pain  one,  and  therefore,  it  has  the  same  dimensions). 
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[Therefore ,  Jthe  radius  of  curyature[  of  the  path  of  electrons  leaving  ~! 

p/RSr  LINE  OF  TEXT 

J  the j  first  resonant  cavity  and  striking  the  gap  of  the  second  must  he  J 
|  about  twice  the  radius  of  the  first  orbit  in  an  ordinary  microtron  I 
| (see,  for  exanyle,  Figs.  4  and  11)  j,  while  radius  of  the  first  orbit  j 
|  in  a  two-resonator  microtron  must  jje  four  times  greater  than  in  an  j 

'ordinary  microtron.  If  in  the  latter  at  X  =  IQ  cm  electrons  with  an  I 

'  I  ' 

{energy  of  511  key  freely  bypass  the  resonant  cayity  at  H  «  1.07  kilo- 

oersted  (since  the  diameter  of  thej orbit  =  5.52  cm,  and  the  radlusj 

iof  a  toroidal  r Sk^y  R  =  (0.5  to  0.55)  l  »  5  to  5.5  an) ,  I 

|  ^es|  I 

I  then/  in  a  two-resonator  accelerator,  and  electron  with  ¥inj  *  511  j 

lotay  go  from  the  first  resonant  cayity  to  the  second  only  at  H  <  7^°  I 

I  ”1 

j oersted.  If  H  -  555  oersted,  then! cg  *  0.5>  »  *  6  is  possible.  In  | 

I  the  first  orbit  a  resonance  electron  will  have  an  energy  of  766.5  key! 

| (the  corresponding  magnetic  rigidity  0  *  5906  oersted* cm),  and  the  | 
■diameter  of  this  orbit  will  equal  |l4.$  cm;  this  is  barely  enough  to  1 
|bypass  the  injection  resonant  cayity.  Another  possible  set  of  condi-| 
Jtlons  are  [l8]t  VinJ  ■  255.5  key,  Cg  *  0.5>  m  «  5.  In  both  of  these  | 
leases,  a  low  magnetic-field  strength  must  be  used,  in  spite  of  the  1 

I  I 

(relatively  high  values  of  "inj*  Only  at  very  high  values  of  is  I 
jit  possible  to  use  conditions  withj  a  high  value  of  H.  For  example,  j 

in  very  compact  resonant  cayltles(IL.e.  -  0.5  l)  the  following  condi-  { 

I  1  j 

jtlons  are  possible:  ¥  .  -  1.55  helo  m  -  4,  c.  ■  2. 

In  j  —  |  <  ' 

An  Injector  in  the  form  of  an  additional  resonant  cavity  has  stiljl 

1  I 

(another  advantage  over  the  electron-gun  injector:  It  gives  very  short 

1  j  1 

clusters  of  electrons  with  a  reperltlon  rate  equal  to  the  oscillation) 

frequency  of  the  field  In  the  resonant  cavities;  when  the  relative  I 

j - 3  j  3 - 1 

..phasing  of  the  resonant  cavities  If  correct,  for  all  practical  pur-  j 

[poses  1  only  "useful*  electrons  will  j  be  Injected  Into  the  main  resonant] 
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[cavity.,-  while:  many  "useless*  electrons  ( uncapturable  under  acpelera-  i 

i  FIRST  LINE  OF  TEXT 

tion  conditions)  will  reach  the  main  resonant  cavity  when  an  electronj 
gun!  is  used,  which  works  continuously  in  the  course  of  its  Operating  1 

I  I  i 

period.  This  leads  to  an  increase]  in  the  power  required  by  the  resonj- 
ant  cayity.  {  ! 


Fig.  12.  An  injector  in  the  fOrsi  of  a  coaxial  resonant  cavity.  I 
1 — main  resonant  cavity;  2 — waveguide;  3 — coaxial  cable  for  | 

|  feeding  the  injection  resonant ] cavity;  4 — phase  changer;  5—  , 

I  attenuator;  6— injection  resonant  cavity;  J— electron  gun;  I 

8 — electrostatic  deflector  ( in^lector} .  | 

!  !  I 

i  Still  another  version  Of  the  device  and  placement  of  the  injec-  . 

I  I  ' 

Ition  resonant  cavity  is  possible  (20) .  This  may  be  in  the  form  of  a  | 

jquarter-waye  coaxial  resonant  cavity  (Fig.  12)  .  Its  parameters  are  J 

Icalculated  so  that  a  good  grouping1 of  electrons  in  the  cluster  is  | 

obrained.  When  locating  the  bunching  resonant  cavity  (Fig.  12)  it  J 

I 

lie  necessary  to  change  the  sign  of .the  curvature  of  the  path  of  elec-| 

i  1  I 

itrons  in  the  section  between  the  dro  resonant  cavities.  It  is  Bug-  I 

- 5  1  5 - 1 

igested  that  an  electrostatic  deflection  device  be  used  for  this, _ i 


ithod 


j - e).  Injection  using  a  thermal  cathode  according  to  the 

fey~ST2P.  Kapitsa,  V,  F.  Bykov  and  V.  N,  Kelekhin.  Some  interesting  n 


i  ■  i  i  . 

new  stygges tl ons  are  put  forth  in  a  recent  article  by  these  autJiorB  [J 
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{According  to_these  suggestions,  infection  conditions  are  changed  sub-1 

■  FIRST  LINE  OF  TEXT  ~  1 


atantlally  and  It  becomes  possible) to  increase  the  beam  current  of  j 
(accelerated  electrons  considerably L  The  traditional  resonant  cavity  I 
|  of  the  microtron  is  replaced  by  a  cylindrical  resonant  cavity,  in  | 

| which  oscillations  of  the  EQ10  type  are  excited.  The  thermal  cathodej 
Jls  Installed  at  a  precisely  calculated  distance  from  the  axis  of  the 
|resonant  cavity  on  its  front  wall  in  the  orbit  plane.  When  calculat-l 
Jlng  the  path  of  thermal  electrons^  the  magnetic  field,  as  well  as  thej 

I  high-frequency  fjEiSi'id#^  th#7<£lec  tribal  and  magnetic  fields  inside  the  I 

I  I  I 

jresonant  cavity),  is  assumed  constant.  Pig.  13  shows  one  of  the  cal-| 

iculated  electron  paths,  corresponding  to  an  emission  phase  of  0*.  I 
Jwhen  the  length  of  the  resonant  cajrity  is  fixed,  various  values  of  Cg| 

I  correspond  to  yarlous  cathode  positions.  When  1  »  0.163,  the  posslblle 

I  j  I 

[values  of  c2  are  between  1  and  1.2.  I 

An  experimental  study  of  this  type  of  injection  was  made  in  a  mlck*o- 
|trpn  with  a  pole  diameter  of  TO  cm] and  an  interpolar  gap  of  11  cm.  tIic 
Joylindrical  resonant  cavity  had  a  diameter  2R  *  7.66  cm  (this  corres-j 
|ponds  to  X  -  10  cm)  and  a  length  d*  1.63  cm.  The  lanthanum  boride  [ 

cathode,  which  can  be  heated  to  l60O°  C,  emitting-surface  area  of  I 

I  2  |  | 

(about  1  to  2  mm  *  The  center  of  t^iis  area  was  at  a  distance  of  1.75  j 
^cm  from  the  axis  of  the  resonant  cavity.  Under  conditions  with  c0  -  | 

1  1  j 

(*  1.1  (ya  «  562  lev),  the  beam  current  in  the  12th  orbit  reached  15  ha, 

I  I  1 

(pulse)  at  an  electron  energy  of  6.8  Mev.  Prom  this  energy  yaiue  i 

I  | 

!( using  Formula  (25)),  it  is  found  that  m  *  3*  Therefore,  according  . 

I  *  * 

4o~f2C) ,  Cj  -  1.2.  Thus  a  resonance  electron  moving  within  ths^re-— - ) 

(sonant  cavity  must  acquire  an  energy  of  6.13  hey.  4  * 

|~  If  Cg  ■  1.1  and  10  cm,  thep  H  -  1.18  kilo-oersted  (see  (21))  .j 
(Further,  using  (15)  and  assuming  that  at  an  energy  of  ~7  Mev  the — — j 
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I 


r 


electron  equals  th£  speed  of  light,  it  is  found  that  I 


i  the;  diameter  of  the  12th  orbit  eqi 


.u|aa  15  */#  - 


*14  mm. 
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I  Fig.  15.  The  path  of  an  elect. ?on  when  using  a  cylindrical  i 

j  resonant  cavity  ( first  version i .  K — thermal  cathode.  j 

Detailed  calculations  made  on  a  digital  computer  showed  that  undeir 

i  r  i 

j  acceleration  conditions  electrons  are  captured  with  an  emission  phase 

inear  *ejn  «  Oj  the  current  Of  these  j  electrons  is  —  3/50  of  the  total  I 

| emission  current.  Experimental  daia  supported  this  result.  j 

In  the  work  of  Kapitsa,  et  al.j  [7 ] >  on  even  more  successful  methojd 
|  of  using  a  thermal  cathode  in  a  cylindrical  resonant  cavity  is  sug-  I 
jgeSted.  If  the  thermal  cathode  isj  placed  on  the  rear  wall  of  the  resjon- 
|ant  cavity  near  its  acis  and  an  adjlitional  port  is  made  in  this  wall  j 
in  the  orbit  plane,  then  the  electron  path  shown  in  Fig.  14  may  be  | 

I  I  I 

j  obtained.  In  this  case  the  operating  conditions  may  be  -  2  to  j 

2.5,  i.e.,  the  microtron  is  made  considerably  more  compact.  This  ! 

1  :  -i 

| type  of  injection  was  tested  experimentally  under  the  following  con-  , 

I  1 

[ditions:  The  resonant  cavity  had  a [  diameter  of  7.66  cm  and  a  length  | 

|,of  2.52  cm,  the  thermal  cathode  wa*  placed  at  a  distance  of  5.2^ mm  J 

from. the  axis  of  the  resonant  cavity.  A  H  -  1.95  kilo-oersted,,. i.e.,; 

!c«“»  1.825  and  Y_  ~  952  kv,  a  current  of  5  sa  (pulse)  was  obtained  I 

1 - 2  i  2 - 4 

in  the  12th  orbit,  at  an  energy  of  1 11.6  Nev.  The  diameter  of  the  12th 

I - 1  i 

I  orhlto_we«4l4„  m,  ajLin  the  _fir«t  working  jverslon_  of^tfee^microtrpn  _  j 
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being  described .  This  is  natural Xsince  in  both  cases  the  wavelength! 

FIRST  TINE  OF  TEXT  '  1  I 

His j  the  sane.  !  j 

| Under  the  second  set  of  conditions  *  2.646,  i.e.*  ■  1.352  | 

Mey.  A  thermal  electron  acquires  this  energy  in  two  steps:  in  the  | 

1  |  | 

1  section  of  the  path  from  the  thermal  cathode  to  the  exit  of  the  re-  j 

sonant  cavity  (pig.  14)  and  in  the  I  first  traversing  of  the  resonant  ! 


In  this  type  of  injection*  und  ir  acceleration  conditions*  ~  l/2t)  | 

I  of  the  total  emi|$iToiTe is  captured.  | 

|  The  resonant  cavities  described  here  are  distinguished  by  the  | 

I  great  length  of  the  accelerating  slit:  in  the  first  case  1^  »  0.163*  J 
I  and  in  the  second*  1  »  0.232.  However*  detailed  calculations  of  the  | 
{paths  showed  that  all  electrons  captured  in  acceleration  can  traverse^ 

I  I  I 

|  the  resonant  cayity  unhindered  12  ^imes  or  mpre.  j 

j  1  I 

The  cylindrical  resonant  cayity  is  inferior  to  the  toroidal  reson- 

lant  cavity  of  the  special  shape  usiially  used  mlcrotrons  with  respect  ! 


to  the  magnitude  of  the  shunt  resistance  in  an  accelerating  gap  of  a 
[glyen  length.  But  since  cylindrical  resonant  cavities  with  a  high 

I  J 

Jvalue  of  1_  were  used*  approximately  the  same  power  is  required  to 
[excite  this  resonant  cavity  as  that  required  in  ordinary  microtrpns. 


rig.  14.  The  path  of  an  electron  when  using  a  cylindrical 
-resonant  cavity  (second  version) .  I— thermal  cathode. 
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[ _ .Calculations  show  that  it  Ib  advantageous  to  replace  the  cylin-  1 

p/RST  LINE  OF  TEXT 

jdrljsal  resonant  cavity  by  a  prismatic  one.  The  use  of  this  resonant  j 
|  cavity  allows  the  height  of  the  interpolar  gap  of  the  electromagnet  I 
jto  be  decreased;  In  addition*  the  distribution  of  the  electromagnetiC| 

| field  In  this  resonant  cavity  makes  It  possible  choose  that  shape  pf  J 
the  thermal-electron  path  at  which  the  parameter  c0  Is  Increased  evenl 

I  2  I 

| metre >  l.e. ,  the  mlcrotron  will  be  eyen  more  compact.  | 

I  Comparing  this  type  of  lnjecti  m  with  that  in  which  an  electron  | 

I  gun  la  used*  It  i&bWlfoQf  tMt  In  the  second  case  somewhat  higher  beam! 

| currents  at  an  energy  of  -  6  Mev  were  attained.  A  mlcrotron  with  a  j 

I  thermal  cathode  and  a  cylindrical  resonator  has  many  advantages  over  I 

[all  other  versions  described  above!  It  is  more  compact*  since  it  allow 

i  ; 

i  operation  with  very  high  values  of  c^.  Its  design  is  mare  simple  than 

I  L  I 

j  that  of  a  mlcrotron  with  two  resonant  cavities  or  with  electron-gun  j 
[injection*  and  it  allows  the  parameters  to  be  varied  considerably  I 

I  I 

more  freely*  In  design  as  well  as  In  use.  Very  essential  is  the  factj 

jthat  all  parameters  of  this  mlcrotron  are  precisely  calculated*  whilSj 

| In  other  types  of  Injection*  many  must  be  chosen  empirically.  | 

Let  us  note  that  the  two  types :  of  injection  (thermal-cathode  and  I 

| electron-gun)  make  it  possible  to  vary  the  beam  current;  this  aocom-  j 

Ipllshed  by  regulating  the  filament  current.  I 

I  I  1 

|  Still  another  type  of  Injection  (so  far  not  tested  experimentally) 

I  should  be  added  to  the  five  types  described  above.  Altken  [21]  has  | 

|  1  i 

suggested  that  the  annular  source  6f  electrons  (thermal  cathode  or  ; 

I  ^ 

autoelec tronlc -emission  source)  be  1  Installed  not  at  the  edge  of5  the — | 

accelerating  slit*  but  In  some  plane  which  Is  approximately  in  the  I 


middle  of  this  slit.  The  ala  of  t£is  suggestion  was  to  accomplish^ _ j 

conditions  with  m  «  2,  b  -  1*  whldjt,  as  was  indicated  In  Seotlom  l, — | 


STOP  HERE 


STOP  HERE 


-M- 


jcorresponds-  lo_  the  condition  c«  **  Cr>  -  1.  In  this  case  a  high  value  i 

FIRST  LINE  OF  TEXT  ' 

j of  jjg  may  be  taken  (the  author  suggested  the  use  of  a  cylindrical  j 
I  resonant  cavity  find  c^  ~  2)j  correspondingly,  H  la  doubled  in  comparli- 
Json  with  the  usual  value  of  ~1  kilo-oersted.  The  difficulty  in  accoap 
i plishing  conditions  With  m  *  2,  b  1  is  that  the  diameter  of  the  j 

'first  orbit  is  to©  small  and  the  electrons  cannot  get  around  the  re-  j 

jsonatar.  Therefore,  it  was  suggested  that  an  opening  be  made  in  both] 
[flat  walls  of  the  cavity  in  the  orbit  plane,  in  order  to  pass  electrons, 
I  In  a  later  work  [.Sfe]t,,N®LtFi#iEstatedl  that,  as  npmberical  calculations  oif 

I  i  I 

I  Of  the  motion  of  electrons  in  the  first  orbit  showed,  these  openings  | 

iwill  not  serve  the  purpose.  Therefore,  another  way  of  achieving  con-| 

[ditions  with  m  »  2,  b  «  1  is  developed:  the  first  orbit  is  given  an  j 

I elongated  shape,  owing  to  which  the  electrons  pass  around  the  resonant 
|Cavity  unhindered.  The  required  change  in  the  shape  of  the  qrbit  is  | 
[attained  by  passing  the  electrons  through  two  iron  tubes,  in  the  cav-l 

•  I  ! 

lity  of  which  H  ~  Q  (fig.  15)  .  I 


1  fig.  15.  Diagram  of  the  placement  of  magnetic  shields  making i 

|  It  possible  to  increase  the  upper  limit  of  the  strength  of  the 

p - master  magnetic  field.  1 — cathode  j  2 — cylindrical  resonant  ear- — j 

I _ i$yj  5,4— -magnetic  shielda,  j  3 — — ( 
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I _ length  of  the  first  orbit  Ils  increased  such  that  the  reyolu-  . 

1  F/RST  LINE  OF  TEXT  1 

jtioji  period  of  the  electron  satisfies  the  condition  T1  ~  2Ty,  rather  J 

|  thaii  the  condition  T1  ~T_  .  In  the  second  orbit  T0«  2T  .  I 

!  1-  y  \  y  ! 

Preliminary  experiments  have  been  made  which  gave  encouraging  j 

I  |  | 

results.  I 

J  5.  Phase  stability  in  the j microtron  j 

|  The  phenomenon  of  phase  stability  in  cyclic  accelerators,  the  j 
I  discovery  of  which  widened  unusually  the  possibilities  of  accelerator J 
i  technology,  was  f!£f%tNd@6fiWnt>ed  by  |  Veksler  in  the  same  article  in  ! 
jwhieh  he  put  forth  the  idea  of  the  |  microtron  [l].  It  was  established! 

I  that  not  only  resonance  electrons  jjould  be  accelerated  indefinitely 
jin  a  microtron,  but  also  many  pthei*  electrons,  under  the  condition 

I  |  ' 

I  that  they  not  differ  too  much  from i resonance  electrons  in  phase  and  | 

I  | 

j  energy .  Automatic  phasing  consist^  of  the  fact  that  the  phase  of  j 
'a  nonresonance  electron,  varying  fi'om  revolution  to  revolution,  oscill- 

;  1  i 

jlates  near  the  equilibrium  phase  j 

|  The  theory  of  phase  oscillations  in  a  microtron  was  later  on  j 
(treated  in  detail  [2,  25#  8,  24,  25  (in  chronological  order)].  This  j 
I  theory  answers  a  number  of  important  practical  questions.  What  is  I 

!  i  -  I 

(the  optimum  value  of  the  equilibriym  phase,  i.e.,  what  is  the  best  j 

lvalue  of  v  at  a  given  value  of  V_i  What  share  of  electrons  injected] 

I  I  | 

(into  the  resonant  cavity  by  a  continuous  beam  may  be  captured  in  ac-  j 

Iceleration  at  any  value  of  What  is  the  energy  spread  of  accelerat¬ 

ed  electrons?  Within  what  limits  may  the  energy  pf  electrons  moving  | 

jln_a-given  orbit  of  a  microtron  be  I  varied?  5  — - 1 

| - Already  in  the  first  theoretical  works,  it  was  established  that  I 

i - 3  |  3 - j 

jthe  microtron  differs  substantially,  with  respect  to  the  nature  of  j 
[the-cbange  of  phase  of  the  particles  to  be  accelerated,  from  all — — -j 
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oops,  based  on  the  principle  of  phase  stability.  In  thel 

I  |  I 

:  latter,  the  phase  of  a  particle  changes  only  by  small  jumps*  i.e.,  thje 
| pha se  difference Af,  ■  +  1  _  f y |  is  always  small .  This  makes  it  j 

| possible  to  use  a  differential  equation  in  the  mathematical  analysis  1 
I  Of  the  phase  equation.  In  the  caBfe  of  a  microtron,  Afy  is  not  small! 

I  and  replacement  of  the  difference  icy  differentials  may  lead  to  large  | 

i  I  I 

(errors  [26],  ! 

|  '  |  ! 
The  phase  equation^^  fLn^cro_^on_when_  b_ «_  1_  has  the  form  [25]  I 

|  FIRST  LINE  OF  TITLE  |  | 

2jicos<pv+1 


A2<PV 


cos  cps 


-=  —  2it. 


(31) 


!  The  values  *s  and  -f  _  are  particular  steady-state  solutions  of 
I  ■  | 

| this  equation. 

In  the  case  of  small  phase  oscillations*  it  may  be  assumed  that 

r  ■  i 

i  .....  - . i. 

I  !  <pv=?.+tiv,  hvl<v*. 

!  L  -  i  w 

|  Then  (51)  is  transformed  inter  a  linear  difference  equation*  the 


solution  of  which  has  the  form 


I 


T)v  =  acos(ev  +  6), 
cos  e  =  1  -»■  tain 


*  +  A).  | 

»<P..  ) 


(33) 


|Where  a  and  i  are  constants.  From)  j)  it  follows  that  an  electron 
•will  be  stably  accelerated*  i.e.*  phase  stability  will  occur*  if  the 
I  tangent  of  the  equilibrium  phase  is  within  the  following  limits  a 


.0 


(?*L _ | 


hence/,  for 

j - 2 

1 - 1 


4  - 
3 


0  <  <p,  <  32,5°. 

J 
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es8ential  difference  between  the  microtron  and  all| 

j oth^r  accelerators  with  phase  stability  manifests  itself  with  respectj 

I  to  j>hase  motionj  for  the  latter  thk  upper  limit  of  |  eg|  equals  90°.  ^ 

I  Condition  (35)  means  that  in  a  microtron  the  value  of  V_  mey  exceed 

I  * 

I  that  of  Vg  only  by  a  little  more  than  l6j<  (since  Cos  32. 5*  *  0.843)  .  I 
I  If  the  initial  conditions  (the I  phase  and  energy  of  electrons  ente  > 
ing  the  accelerator)  have  a  uniforto  distribution,  then,  using  (33),  it 
may  be  shown  that^the_  ^Wnrtm_value_of^f S^.s  17.7*;  at  this  value  of 

jfg  the  share  of  electrons T capturabjLe  in  acceleration  will  be  maximum. | 

|  Pig.  16  shows  the  limiting  curVe  %0  »  tQ  -eB  at  a  given  value  of  j 
4  8  correspond  to  points  lying  within  the  limiting  curve  will  be  ac-  J 


celerated  stably. 


I _ 


Fig.  16.  Limiting  curve  (oj.)  for  the  case  of  small  phase  I 
I  oscillations.  0  ¥ 

I  1 

When  ~  17. 7*  the  period  j»f  phase  oscillations,  expressed  | 
|by  the  number  of  transits  of  the  accelerating  slit,  equals  4.  When  | 

- 5  5 - -j 

j-f-g—VJurles  from  0  to  32.5*#  the  period  varies  froei  oo  to  2.  4 _ | 

! - As  was  mentioned  above,  a  is  a  I  constant  in  (33),  i.e.,  small  phase 

J - 2  I  2 - •) 

oscillations  have  a  constant  amplitude.  Small  phase  oscillations  are 


[damped  other^  ac  celerator  s__wlth  phasc^stabiilty.. _ 
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l_  RST"lF8^f^*inlnS  latp8e  Phase  oscillations.  Equation  (31)  nay  be  ! 

I  '  | 

jUse^  as  a  recurring  formula  and  ths  calculation  made  numerically.  I 

j Several  clever  graphical  methods  hive  been  developed  [8,  24,  27]  whicji 

|*^l01r  *t  +  i  tod  +  i  to  be  determined  from  given  values  of  the  phabe 

and  energy  W,  of  an  electron,  after  which  *  >+g  and  W,+2  may  be 

I  found,  etc.  The  graphical  method  puggested  byKisdl-Ioszo  |28,  27]  j 

!ia  especially  interesting,  since  hfe  does  npt  exclude  those  caseB  whenj 

I  One  of  the  series_  of  jvuluesof  W,__f or  example  W  ,  is  smaller  than  the| 

I „  FIRST  LINE  OF  TH  LE^  .  *  I 

j  previous,  value  W^_1  (i.e.,  the  electron  is  decelerated  in  the  resonant 
leavity) .  I 

j  When  using  one  of  these  computational  or  graphical  methods.  One  J 
{may  Obtain,  in  particular,  a  picture  of  the  phase  motion  of  an  elec-  | 
jtron  in  coordinates  (#pAvv),  thjs  so-called  phase  orbits  (Pig.  17)  ,j 
I  If  the  initial  conditions  are  suchj  that  the  mapping  point  is  near  { 
|the  equilibrium  point  (  #fl,  Q) ,  then  later  on  the  mapping  point  will  ^ 
|moye  in  Jumps  with  respect  to  the  Corresponding  phase  orbit  and  its  j 
jmotion  will  be  nearly  periodic.  The  unclosed  phase  orbits  indicate  | 
Ithat  the  mapping  point  is  not  moving  periodically,  and  the  corres-  j 
jponding  electron  is  not  captured  under  conditions  of  unlimited  acoel- 
leratlon.  -  .1  ......  1 
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I _ I  flaiauiatlon  shows  that  if  it  iis  required  that  the  electron  traverse 

|F/RST  LINE  OF  TEXT  j 

j  thej  resonant  cavity  a  sufficient  njumber  of  times,  then,  at  -  17-7  |> 

ithe  phase  angle  of  capture  equals  4*  29®.  However,  it  should  be  rememU 

1  I  I  ! 

jbered  that  in  5-  to  6-llev  microtrops,  an  electron  traverses  the  resonf- 

| ant  cavity  but  10  to  12  times j  therefore,  certain  electrons  reach  thej 
[target  for  which;  from  the  point  ojf  view  of  an  indefinite  number  of  J 


! accelerations,  phase-stability  conditions  are  not  fulfilled  [27].  On  I 
jthe  other  hand,  data  on  the  electrjon-beam  current  in  various  orbits  | 
IWhich  was  obtain^STii^%SVS^l  working  jtticrotrons  [5>  15>  29]  attests  I 


I  to  the  fact  that  during  transition!  from  one  orbit  to  another,  electro^ 
I  losses  are  negligible,  starting  with  the  second  or  third  orbit  (Pig.  ^ 

I  i 

1 18) .  This  means  that  the  phase  ankles  of  capture,  calculated,  for  j 
I  example,  for  the  third  and  tenth  orbits,  will  differ  little  from  one  j 
|  another .  j  1 


Pig.  18.  The  change  in  target  current  as  the  target  moves 
along  the  total  diameter  of  the  orbit  [53 .  Die  point  y  ■  0 
coincides  with  the  center  of  the  accelerating  slit. 


I  Inasmuch  as  electrons  with  various  input  parameters  are  captured  | 

iln  acceleration,  electrons  with  somewhat  different  energies  may  be 

- 5  1  5 - 1 

found  in  each  orbit,  including  the ■  last.  In  order  to  calculate^ ac- _ j 

curat ely  the  width  of  the  energy  spectrum  of  electrons  in  the  last - 1 

1  orbit l  one  oust  use  the  same  "step j by  step"  method  which  is  use£  to  ^ 

I - 1  I  1 - 1 

;calcu|ate  the  trend  ofthe  phase  change  of  the  jslectron.  C&lcu^ationji 
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®nerS7  spectrum  of  electrons  at  the  exit  of  the  micro-  | 

I  i  I  I 

jtrp^  Is  very  narrow.  For  example^  when  W  *  4.09  Mev,  H  -  1.07  kilo-  | 

I oersted,  V.  ■  511  lev  and  f  -  11. 5^  the  total  energy  spread  is  1.2J*  \ 

I  '  |  9  8  I  'I 

j[27],  i.e.,  W  ~  (4.09  t  0.025)  Mevf.  I 

During  this  calculation,  the  deration  •  of  electron  pulses  at  thp 
| exit  of  the  mlcrotron  was  determined  simultaneously.  The  electron  | 

I  clusters  have  small  expanse  ,  and  when  A  *10  (f~$  Qc ,  . 3  •10“10  set) 

j#^  Will  be  about  J5-1CT11  sec.  _  Theiie_  clusters  follow  each  other  with  | 
ja  frequency  of  3  fW  alf  a F duration  of  1.5  to  2  Msec,  after  which  the  J 
{resonant  cavity  is  switched  off,  fir  example,  for  2  Msec.  { 

I  In  certain  applications  of  the  mlcrotron,  particularly  when  it  is  J 
{Used  to  generate  sub-millimeter  electromagnetic  waves  [30,  18],  it  is| 

desirable  tp  obtain  the  shortest  possible  electron  clusters.  It  is  J 

:  I  1 

{found  [31]  that,  in  theory  under  definite  conditions  it  is  possible  j 

jto  obtain  great  cluster  compression  in  one  of  the  orbits,  for  example^ 
Ian  angular  length  of  the  cluster  o t  30*  may  be  obtained  in  the  8th 

I  1  1 

orbit  instead  of  the  initial  one  of  8°.  { 

I  The  successful  application  of  a  small  mlcrotron  fpr  generating  | 

I  I 

joscillations  with  a  wavelength  of  8  mm  at  a  power  level  of  ^0.5  mw  j 

lie  described  in  the  work  of  Brannen  et  al.  [32].  { 

|  The  presence  of  a  finite,  although  comparatively  narrow,  phase-  J 
(stability  region  allows  the  electron  energy  in  each  orbit  to  be  varied 

1  1  r 

smoothly  (within  known  limits).  Which  substantially  increases  the 
value  of  the  mlcrotron  as  an  lnstnjusent  for  physical  research.  This  | 
is  accomplished  as  follows.  Let  u^  assume  that  the  mlcrotron  operates 


I  *in  a  mlcrotron  which  accelerates  electrons  to  higher  energies, _ j 

the  width  of  the  spectrum  is  not  increased,  so  that  the  magnitude  of 
iwill  be  even  smaller.  1  ">  1 

~~  stop~hTre  *  stopherF  ^ 
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of  H  and  V  which  correspond  to  a  definite  value  i 

I  |  I 

jOf  ffl.  if,  by  varying  the  power  supplied  to  the  resonant  cavity,  | 

the  values  of  V.  and  H  are  changed |  simultaneously  by  the  sane  factor,! 

I  I  “  I  I 

|  then,  according  to  (21),  ( 18)  and  j  9) ,  the  microtron  will  operate  j 

with  a  new  value  of  c  ,  but  with  the  previous  value  of  f  _ .  if  the  | 

!  2  I  I 

^change  in  H  is  not  proportional  toj  that  of  Va,  new  values  of  both  cg  j 

land  will  be  obtained.  While  v  i remains  within  the  stability  region, 

I  B|  I 

j  according  to  Condi  tion(  35),  the  beiMcx^i^entwill  be  different  from  | 
|sero.  |  ( 

|  A  change  in  c  means,  in  accordance  with  ( 22) ,  that  it  is  also  | 

j  z  I  | 

necessary  to  change  c^.  The  way  in  which  this  is  accomplished  depends 
|Upon  the  type  of  injection  used  in | the  microtron.  In  autoelectronlc  | 

I  I 

injection  the  change  in  c^  occurs  Automatically,  by  shifting  the  range 

I 

I  of  suitable  electron-emission  phases.  This,  in  turn,  affects  the  beajn 
|  current  ( see  Section  2a) .  Therefore,  it  should  be  expected  that  when| 
this  type  of  injection  la  used,  th^re  will  be  several  optimum  values  i 

I  I  ! 

|  of  Va  and  H  for  each  given  microtron;  at  which  values  the  beam  Currenjb 
twill  be  maximum.  This  has  also  been  observed  experimentally  [6]  (Fig|. 

!l9)  .is,'  ‘  1 


I - Fig.  19.  Beam  current  versus  H,at  various  values  of  V.  whemm-- — | 

-  5,  b  ■  1.  The  ratio  of  the  Sth-orblt  current  to  the  1st- orbit  , 
I  current  under  the  same  acceleration  conditions  is  plotted  along  • 

{ - the  ordinate  oxis.  The  dotted I horisontal  line  is  drawn  at  a - 1 

_ level  of  1/4  the  maximum  ordinate  of  the  curve  with  Ya  ■  57^  kv,  | 
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J _ Thus byvarying  H,  we  yary  the  value  of  c  and,  therefore,  the  j 

FIRST  LINE  OF  TEXT  12 

jelejjtron  energy  in  each  orbit  In  accordance  with  ( 25)  i  the  diameter  j 
| of  4ach  orbit,  with  the  exception  of  the  flrat,  will  remain  the  sane,! 

!  t  i  r 

^While  the  beam  current  will  be  changed,  as  shown  In  Fig.  19 .  If  the  j 
{beam  current  under  all  variations  j>f  conditions  must  not  drop  below,  J 
|for  example,  one  fourth  of  the  maximum  current,  then,  when  Va  varies  j 
|from  516  to  590  kv  (Fig.  19) t  the  allowable  values  of  c?  are  from 
Jo. 95  to  1.12;  therefore,  the  election  energy  In  the  8th  orbit  may  be  J 
| varied  smoothly  t$&hLut!fE. 06 4.64  Mev .  if  electrons  with  energies  I 

I  „  I  I 

! lower  than  5.86  Mev  are  required,  electrons  from  the  7th  orbit  shoUldj 

Ibe  used  ( W_  *  5.56  to  4.06  Mey) ,  etc .  Thus  electron?  with  any  energy!, 

I  '  1  | 

[smoothly  variable  from  1.9  Mey  («w|  ^n)  to  4.64  Mev,  may. be  obtainejl 

I  from  a  given  mlcrotron.  Electrons  j  with  W  <  1.9  Mev  cannot  have  any  I 

[energy,  since  ¥5  «  1.43  to  1.78  Mey.  Therefore,  for  example,  it  is  | 

Jlmpossible  to  Obtain  an  energy  of  |.85  Mey  on  either  the  third  or  fourth 

[orbit*.  For  the  resonant  cavity  of  this  mlcrotron,  1_  _0.094  and  ( sinj 

|l --0.094  and  (sin  1.*  )/^t*fAi>.986  ( see  Fig.  2)  .  UBing  the  data  In  Fig.j 

[19  and  Formula  (9) ,  It  can  be  seen!  that  the  optimum  values  of  *B,  ob-j 

tained  experimentally,  are:  about  15*  when  V-  -  516  kv,  about  19*  when 
I  i  1 

\\  -  575  ky,  etc**.  ,  j 

I  1  I 

1 — *xr  Ts  apparent  from  Fig.  19,  When  V*  is  below  516  kv,  that  yalue| 

[of  Va  will  be  reached  at  which  a  non-zero  beam  current  is  already  un-, 
obtainable  no  matter  what  the  value  of  H.  However,  when  Va  la  decreas¬ 
ed  further  ( and  H  Is  decreased  correspondingly) ,  the  beam  will  reappear 
land  the  mlcrotron  will  operate  with  m  -  4.  In  this  case  c*  *  3c2-  1*\ 
land  the  maximum  value  of  co  will  be  0.5*  since  the  limit  ci  <  02  holds 
{When  autoelec tronlc  Injection  is  used.  Under  these  conditions,  a  set  I 
ef  ourvea  of  the  type  shown  in  Fig l  19  may  again  be  obtained.  How- — | 
'ever,  the  current  In  the  last  ( In  this  case  the  7th)  orbit  will  be  , 
Considerably  lower  in  absolute  value,  since  the  aut oelec tronlc-bmis-  ' 
alon  current  drops  sharply  owing  to  a  decrease  In  5^.  Operatlon-lf — \ 
also  possible  with  a  -  5,  cp  ^***1/3.  etc.  _ , 


{ - •♦The  corrections  mentioned  at  the  end  of  Section  1  were  not -taken 

into  account  in  these  calculations \  __  0  j 
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I  |  I  - - 1 

r- T^e~  phase-stability  ran*?  is  rather  narrow  in  the  microtron^ 

i  j  I 

rigid  requirements  arise  for  the  stability  of  the  values  of  Va  and  H.| 

iFprj  example,  if  the  microtron  operates  at  *  -  15°  (cos  *a  -  0.974) ,  I 

|  I  I  j 

I  lowering  the  value  of  V  by  2.6%  will  shift  the  equilibrium  phase  | 

1  *  |  j 

jto  zero  and  the  beam  current  will  ^Irop  tp  zero.  The  allowable  limits| 

l of  instability  pf  H  depend  upon  th4  required  beam-current  stability  j 

1 

land  may  be  determined  by  experimental  curves  of  the  type  shown  in  I 

jri*.  19.  _  J  _  __  j 

j  4.  Electron °^oc^sing^  j  . .  I 

|  In  the  previous  sections  it  was  assumed  that  a  uniform  magnetic  j 
j  field  was  acting  in  the  microtron.  |  This  field  does  not  provide  axial j 
jfocusing  of  the  electrons  to  be  accelerated,  and  therefore  multiple  | 
[traversing  of  the  resonant  cavity  irould  seem  to  be  possible  only  for  ' 

!  i  i 

I  those  electrons  having  a  sufficiently  small  axial  ( z-)  component  of  | 

I  i  I 

| the  initial  velocity.  In  reality, j however,  there  is  a  slight  axial  J 

focusing  in  a  microtron.  It  is  created  as  a  result  of  two  factors: 

I  .  |  i 

1 1)  the  resonant  cavity  is  placed  n?ar  the  edge  of  the  pole,  and  the  | 

Icenter  of  the  accelerating  slit  is J located  at  a  point  where  H(r)  /  j 

[const]  the  relative  drop  IH  in  the  J  strength  of  the  magnetic  field  in  l' 

Icomparison  with  H  in  the  central  region  of  the  interpolar  gap  is  1  to] 

|sj<  here]  and  2)  the  HF  electrical  field  of  the  resonant  cavity  acts  I 

1  I 

las  a  weak  focusing  lens  on  the  electrons  traversing  it.  Previously,  t 

I  1 

I  it  was  assumed  that  the  second  effect  could  not  exist  in  practice,  I 
’since  the  velocity  of  the  electron^  is  very  close  to  the  speed  of  j 

flight5.  However,  it  was  shown  later  [55]  that  this  conclusion  was - 1 

I  invalid.  Resonator  focusing  caused  the  electrons  to  oscillate  slowly^ 

| - 3  |  3 - 1 

Juuuv  the  orbit  plane]  the  amplitude  of  these  oscillations  Increases  j 
fslowty.  A  resume  pf  the  information  on  methods  and  results  of  the — j 
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-th^pret-^^^-eal.pulatipn  of  the  Joljit  action  of  those  two  factors  is  I 
j glyph  in  Aitken's  work  [22] .  The  problem  of  methods  of  improving  fo-j 
I  cueing  takes  on  special  importance^ in  the  case  when  the  microtron  is 

I  i  i  1 

I  designed  for  high-energy  acceleration,  since  an  electron  in  this  ae-  I 
Icelerator  must  traverse  the  resonant  cavity  several  tens  of  times.  j. 
|  In  a  29-Mev  microtron  [22]  the  fir  it  focusing  factor  Was  intensified  J 

i  ! 

| by  special  shimming  of  the  magnetic?  field  in  the  region  where  the  re-l 

Jsonant  cavity  is  located,  since  calculation  showed  that,  without  this| 

I  measure,  a  very  ki^lif'iBk  Illation  of  the  axis  of  the  resonant  cavity  j 

[toward  the  orbit  plane,  which  is  unavoidable  in  practice.  Will  lead  | 

I  to  the  complete  disappearance  of  the  beam  in  long  orbits*  . 

!  1  I 

It  has  been  suggested  [2]  that j magnetic  focusing  be  established  | 

Jin  the  microtron  by  using  a  non-uniform  magnetic  field,  where  H(y)  -  j 

j  const,  and  H(x)  is  a  slowly  decreasing  function;  H(x)  «  H(-x);  and  j 

I  the  y-axis  is  directed  along  the  common  diameter  of  all  orbits.  No 

[detailed  calculations  have  been  published.  i 


i 
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Pig.  20.  Results  of  an  experimental  study  of  the  axial  oscil-  i 
lations  of  electrons.  The  shaded  areas  Indicate  the  location 
and  dimensions  of  a  luminous  spot  of  light  on  a  screen  when  I 
the  latter  moves  along  the  y-axis .  The  left-hand  spot  in  each  | 
orbit  is  connected  with  electrons  from  the  external  emission  , 
zone,  the  right-hand  spot,  with  electrons  from  the  internal  ; 

emission  zone.  The  y-axis  coincides  with  the  common  diameter  | 

of  the  orbits  and  the  z-axis  is  perpendicular  to  the  orbit  i 

plane,  lhe  vertical  lines  indicate  the  theoretical  position 
-of  the  points  of  intersection  Of  the  corresponding  orbits  5  1 

_w|th  the  y-axis.  J  A - 1 

-The  following  results  were  obtained  in  the  few  experimental  studies 


of  electron  focusing  in  a  microtron.  By  using  a  photographic  plate 


nwuntfdat  various  jwimuths  of  thej  first  orbit  _of  a_  2-Mey  micro tron_  j 
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ii-m_«JkL,_it_  urns  established  that  only  1/10  of  the  electrons  which  left 

F/RS7  LINE  OF  TEXT  T  1 

j  thej  resonant  cavity  on  the  first  o 

laftfer  a  single  revolution  [12].  ih  a  4.5-Mev  microtron  [6],  using 

II  I  ,1 

jthe  method  of  artificial  centers  of  autoelectronic  emission  (see  | 

|  Section  2a)  and  a  probe  with  a  lumjLnophor  screen,  the  parameters  of  j 
Jthe  axial  electron^oscillations  wepe  measured  separately  for  elec-  J 


?bit  traverse  the  resonant  cavity 


|trons  emitted  from  the  external  anji  internal  emission  zones.  The  I 
'results  of  these  measurements  are ^jshown  in  Pig.  20.  In  the  course  | 

I  of  ten  revolutionist  !6^0li,^trons  had  time  to  make  only  about  one  I 

|  I  I 

I  complete  oscillation  near  the  plane  z  -  0.  Note  that  the  amplitude  | 

I -of  the  oscillations  increases.  J  J 

|  Some  idea  of  beam  focusing  in  a  microtron  can  be  gotten  by  examinp 
ling  the  experimental  data  on  the  distribution  of  the  beam  current  with 
jrespect  to  the  orbits.  If  the  electron  losses  during  acceleration  arje 
jnegligible  (starting  from  the  second  orbit;  for  example,  in  Pig.  18) , I 
| this  not  only  indicates  that  losses  due  to  electrons  leaving  the  phase- 
Jstability  region  are  small,  but  aljto  that  focusing  is  satisfactory,  | 

| Let  us  note  that  in  acme  cases  (15,  54]  electron  losses  were  considerj- 
jably  greater  than  those  shown  in  Pig.  18.  In  a  29-Mev  microtron  [22], I 
jthe  beam  current  maintained  approximately  the  same  level  from  the  5thj 
I  to  the  52nd  orbit,  but  then  it  gradually  decreased  to  l/5  of  this  ! 

I  I  I 

| level  at  *,  *  56.  It  is  assumed  thpt  the  main  cause  of  these  losses  | 
jls  a  slight  non-uniformity  of  the  ^agnetic  field.  Part  of  the  lossesi 
lis  explained  by  the  fact  that  the  Acceleration  time  of  an  electron  to! 

I  J  ! 

-the-$6th  orbit  is  not  small  in  comparison  with  pulse  duration  of  -the  ) 
iresonAnt -cavity  supply  (— .  0.5  a  s ec  and  5  s  sec  respectively)  .  After  ' 


-3  I  3 - 

| switching  off  the  resonant  cavity, j  the  yalue  of  Va  drops  rapidly  and  j 

[the— further  resonance  acceleration J of  electrons  which  were  able  1 to - 1 


_ 1 
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Ireafeh.  -fchiS-jmoment,  for  example,  the  30th  or  4 Oth  orbit,  becomes  lm-  | 

p/RST  LINE  OF  TEXT  , 

j possible  [35]*.  j  j 

I  I  5.  Basic  Information  of  mibrotron  design 
|  !  I  1 

a)  The  electromagnet.  The  distinguishing  feature  of  microtron  I 

1  j  I 

| electromagnets  Is  that  the  strength  of  the  magnetic  field  In  the  inter- 

|  1  I 

polar  gap  Is  low  In  comparison  with  the  allowable  Induction  In  iron 

1  I  ' 

j(l  to  2  kilo-oersted  and  10  to  15  ^cgs  respectively) .  This  means  thatl 

|  the  cross  section  of  the  yoke  must  J be  much  smaller  than  that  of  the  j 

I  pole.  For  this  ^kHTLthree~lkg  yoke,  which  is  characteristic  of^ 

i  I  I 

I  cyclotron  magnets,  is  the  exceptloh  in  microtrons  [37]-  Ihe  most  | 

Iwidely  used  core  shape  for  microtron  electromagnets  is  shown  in  Fig.  ] 

I  1 

j 21.  In  order  to  Increase  the  ratio  of  the  diameter  of  the  region  of  | 
^uniform  magnetic  field  to  the  pole | diameter,  annular  shims  may  be  usek. 

!  |  I 

|The  power  dissipation  in  the  windings  of  the  electromagnet  usually  dof»s 
jnot  exceed  500  w.  Therefore,  forced  cooling  of  the  windings  by  air  I 

| or  water  is  seldom  used.  The  direct  current  feeding  the  electromag-  , 

I  I  ' 

jnet  windings  is  regulated  by  some  ^lectrical  circuit}  sufficient  ac-  j 

louracy  of  current  regulation  is  —  6.1$f.  [ 

Very  high  requirements  arose  f6r  the  magnetic  system  when  design- 1 

1  ,  _  I  I 

ling  the  29-Mey  microtron  (with  56  <prbits)  .  in  this  case  special  mea-| 

Lures  had  to  be  taken  to  reduce  to} a  minimum  the  precession  of  the  I 

I  I  I 

jorblta  near  their  common  diameter, I  otherwise  the  electrons  could  not  | 
jtra  verse  the  resonant  cavity  the  required  number  of  times.  For  this  ib 
iis  necessary  to  either  create  a  very  uniform  magnetic  field  in  the 

j=S -  |  . - 1 

♦These  electrons  will  bombard  the  resonant  cavity,  giving  r^se_ _ j 

tohafd  decelerating  radiation.  This  undesirable  effect  may  be  elinP1 
jinated  by  installing  a  device  in  the  chamber  in  the  region  of  tHeflrit 

orbits  for  dropping  electrons  on  one  of  the  covers  of  the  chamber., _ 1 

in  particular ,  two  electrodes  coul4  be  used,  placed  above  and  below 
jthe-omblt  plane,  and  which  voltage  pulses  would  hit  shortly  before  the 
instant  of  switching  off  the_reson§nt  cavity^  [36 ]. _ 0. _ J 

‘  ~  "  STOP  HERE  '  ”  '  STOP  HERE  . 
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the  chamber#  or  fit  least  to  ensure  the  best  possibly 

I  I  I 

|  symmetry  of  the  field  distribution  relative  to  the  line  of  the  commonj 

diameter  of  the  orbits  [38] .  ^  I 


Pig.  21.  Structure  of  magnetic  circuit  of  microtron  electro¬ 
magnet  .  The  upper  cylindrical j  pole#  similar  to  the  lower  one# 
is  not  visible. 


Pig.  22.  Magnetic-circuit  structure  of  the  29-Mev  microtron.  | 
1— polej  2 — iron  inserts,  <^40  Cm  high;  5 — aluminum  ring#  form-  1 
>  lng  a  vacuum  chamber  having  an! inner  diameter  of  203.2  cm; 

I  '45— interpolar  gap#  127  mm  high;  5 — place  for  electromagnet  5 - 1 

j _ windings;  6 — outlet  axes  for  vacuum  pumps.  4 _ j 


t*~  Ah  ironclad  structure  was  chos4n  for  the  magnet  (Pig.  22)  .  3The — I 


iThejaagnet  was  provided  wl t h  a  syst em  of  compensating  windings,  (-attached 
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lto-ihe_pole~  surfaces  facing  each  other. 

FIRST  LINE  OF  TEXT  ' 

in  independent  power  supply.  i 


Each  of  these  windings  has 


A  summary  of  the  basic  parameters  of  microtron  magnets  will  be 


given  below. 


iuenc: 


sm.  I  Existing  microtrons  differ  very 


little  from  one  another  with  respect  to  the  arrangement  of  the  system' 

'  |  I 

| for  supplying  HP  power  to  the  resonant  cavity.  The  high-frequency  | 

| oscillator,  as  a  rule,  is  a  magnetron,  and  only  in  one  case  [39]  was  j 
la  triode  oscillate7  With'' S'klystron  amplifier  used.  Pig.  23  shows  I 

I  I  I 

I  the  typical  layout  of  the  HP  system  of  a  microtrpn.  Magnetrons  with  j 
la  pulse  power  of  not  more  than  i  m|t  must  be  used  when  operating  in  I 
| the  10-centimeter  band.  A  magnetron  with  a  power  of  2  Ms  is  used  anljr 
I  in  the  29-Mev  microtron.  I  I 


I  I  | 

j  Pig.  23.  Arrangement  of  the  HP  ’’ystem  of  the  microtron. 

1 — magnetronj  2 — phase  changer;  -regulator  of  fraction  of 
power  extracted  by  the  regulatir  _  load  A;  5 — vacuum  baffle;  I 

I  o — resonant  cavity.  I  I 

!  ! 

j  As  an  illustration  of  the  balance  of  power  consumption,  we  shall  | 
l Introduce  data  for  the  apparatus  which  describes  the  rather  high  ef-  j 
jflolency  of  the  resonant  cavity  [7jh  of  the  600  kw  of  power  supplied-! 
[torthb  resonant  cavity,  4 00  kw  is  expended  in  losses  in  the  walls  ojH 


| the  cavity,  100  kw  is  consumed  in  j;he  acceleration  of  all  electrons  j 
within  the  resonant  cavity,  and  loj)  kw  is  expended  in  the  further  ao-j 


STOP  HERE 


_ I _ 


STOP  HERE 


-49- 


Jjdel£r£Mon_of_ resonance  electrons  (beam  current  of  15  me*  electron  ~j 

FIRST  LINE  CF  TEXT  <  | 

|  energy  of  ~  7  Mev)  .  J  J 

|  I  As  distinguished  from  oil  othet  cyclic  accelerators  with  phase  ! 
Jstablllty,  the  mlcrotron  Is,  In  principle,  an  accelerator  of  continu-J 
| ows  action:  the  process  of  electron  capture  under  conditions  of  accelj- 
' oration  is  repeated  In  full  in  each  cycle  of  the  HF  field.  Howeyer,  i 

1  !  I 

|  the  high  power  required  for  excitiipg  the  resonant  cayity  comples  oper¬ 
ation  under  pulse  conditions  with Jt  high  duty  factor  (usually  about  J 

1 1000),  In  order  tH&tuth£F£'ffe*age  (with  respect  to  time)  power  supplied 

I  I  | 

I to  the  resonant  cayity  does  not  exceed  the  allowable  limits.  It  is  j 

(possible  that  later  the  duty  factor  will  be  substantially  lowered  andl 

I  1  1 

I  the  beam  current  increased  correspondingly,  using  magnetrons  with  high 
(average  power  and  cavities  with  low  losses  and  intensive  cooling.  | 

;  As  a  rule,  untunable  magnetron:  are  used  in  microtrons,  thereforei, 

|  * 

the  resonant  cayity  must  be  equipped  With  a  device  for  remote  trimming 

| of  the  natural  frequency.  This  is |  usually  accomplished  by  using  a  J 
Jmechanical  or  thermal  system*  providing  controllable  deformation  of  j 

| one  of  the  cayity  walls.  I  i 

I  I  ' 

!  The  regulating  load  (see  Fig.  ?3)  is  usually  controlled  so  that  ijt 
I  i  | 

] dissipates  about  one  half  of  the  power  supplied  to  the  magnetron.  Inj 

(order  that  the  amplitude  of  the  accelerating  voltage  have  very  high  | 

’  (  i 

| stability,  it  is  necessary  that  the  magnetron  power  supply  be  regula- 

j*-.  j  i 

I  In  autoelectronlc  injection,  since  the  emission  current  is  depen-J 
dentupon  the  value  of  Ea  and  cincfe  the  beam  current  of  the  electrons] 
Ibelng4  accelerated  exerts  an  influence  upon  the  magnitude  of  the4  cavity 


| voltage,  there  is  an  automatic  mechanism  of  stabilisation  of  va.  it  j 
^♦  possible  that,  under  known  conditions,  a  similar  mechanism  acts - 1 
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iWhenthermal-cathode  Injection  is  used.  I 

I  FIRST  LINE  OF  TEXT  ' 

|  Kaiser  hss  written  a  long  article  devoted  to  problems  In  designing 
ithe  resonant  parity  for  a  microtrpd  [40] .  It  has  been  shown  recently! 

1  1  1  I 

,  [6]  that  certain  requirements  pertaining  to  this  part  of  the  microtron 

I  I 

1  should  be  revised.  In  particular, j when  designing  the  resonant  cavity j 

Jit  Is  unadvantageous  to  aim  at  maximizing  Its  shunt  resistance,  since 

I 

| In  this  cavity  the  value  of  V&  will  be  too  strongly  dependent  upon 


the  beam  current. 


-I- 


Some  special  'F^4Tdi(oE  i Peering j  problems  connected  with  the  design' 

|Snd  building  of  HP  systems  for  microtrons  have  been  examined  [41,  42,  | 

I431-  !  ! 

c)  The  vacuum  system.  The  vacuum  chamber  of  a  microtron  usually  | 
has  a  cylindrical  shape.  The  chamber  Is  made  of  non-magnet 1C  metal,  ! 

I  I  I 

|and  the  covers  are  made  of  irpn.  In  some  cases  the  covers  serve  as  | 

I  the  magnet  poles.  During  the  operation  of  the  microtron,  the  chamber! 

!ls  evacuated  by  a  pump  unit,  usually  consisting  of  oll-yapor  and  ro-  ! 

|  I  I 

tary  pumps.  The  vacuum  requirements  In  a  microtron  are  very  moderatej. 

iThe  electrons  quickly  acquire  high1 energy,  so  that  even  in  a  poor  | 

|  1  . 

vacuum,  electron  losses  due  to  dispersion  by  residual  gas  molecules  1 

i  I  | 

twill  be  practically  negligible.  Therefore,  the  upper  limit  of  the  j 

chamber  pressure  Is  determined  by  the  operating  conditions  of  the  re-! 

1  '  I 

I  sonant  cavity  or  by  the  supply  conditions  of  Its  waveguide.  In  some  i 

I  1  -4 

cases  It  Is  sufficient  to  lower  the  pressure  to  PS  10  no  Big  for  ! 

'normal  operation  of  the  accelerator.  However,  at  this  high  pressure  | 

the  pbllshed  surfaces  inside  the  cavity  are  quickly  marred  and  break-1 

(downs4  occur  more  often.  Therefore^  it  is  usually  desirable  to  operatic 


iat_a_pressure  pSIO  '  mm  H*.  I  2 _ | 

I - Hi  autoelectronic  injection,  according  to  Kaiser  [l8],  a  depen- — | 
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Hm?rC TOT^eii^ 8 8 * 011  current  upon!  the  chamber  pressure  is  observed,  I 

I  _Jl  I  C  I 

|  and  optimum  pressure  is  from  10  |t  o  10  3  mm  Hg.  A  higher  vacuum  may| 

Jbe  required  when  certain  types  of  jthermal  cathodes  are  used,  due  to  J 

I  the  possibility  of  oxygen  "polsonlkg*  at  high  temperatures.  j 

I  '  i 

d)  Auxiliary  equipment  for  observing  electron  acceleration.  A  I 

I  i  I 

[Faraday  pup  is  used  to  measure  beam  current  in  various  orbits.  Its  | 

I holder  is  lead  out  from  the  chamber  through  a  sliding  vacuum  seal. 

1  I  1 

I A  luminophor -c over  edscr  een,  a.tt.acjied_to_  a_  handle  with  the  same  kind  | 

i  FIRST  LINE  OF  TITLE  i  I 

jof  seal,  is  used  for  visual  observation  of  the  beam.  The  luminescencej 

|pf  this  screen  when  it  is  bombardejl  with  electrons  is  observed  through 

|a  window]  a  system  of  mirrors  and  television  apparatus  may  be  used  [fii]. 

|  An  unusual  system  is  used  in  the  Swedish  microtron  for  visual  observal- 

Jtiort  of  the  beam  [39]  .  Fifteen  tungsten  filaments,  with  a  diameter  ojf 

I Q . 1  mm  and  placed  horizontally,  onb  above  the  other,  at  intervals  of  I 

I  I  j 

|1.25  mm,  are  mounted  on  a  long  frame,  which  is  set  up  on  the  lower  , 

{cover  of  the  chamber,  approximately  along  its  diameter.  During  operan 

I  1  1 

[tion  of  the  microtron,  these  filaments  glow  in  those  places  where  i 
ihe  electron  orbits  pass,  and,  thus,  all  orbits  may  be  observed  sisiuli- 

J  1  I 

jtaneously  and  information  obtained^  on  the  dimensions  of  the  electron-j 

Icluster  cross  section  in  each  orbit.  I 

!  I  i 

I  e)  The  extraction  of  electrons  from  the  chamber.  The  distinguish¬ 
ing  feature  of  the  microtron  is  the  change  in  the  energy  of  the  par-| 

I  '  | 

itlcle  being  accelerated  after  each I  passage  through  the  resonant  cavity 

I  ' 

and,  as  a  result  of  this,  the  grea^  distance  between  adjacent  orbit s.j 

:If tfib  "spacing*  7  of  the  spiral  pfth  of  an  electron  is  measured  alonk 


the  common  disaster  of  the  orbits,  then  V 

- 3  I  * 


Df  +  where  Df  is  the  | 


diameter  qf  the  * -th  orbit.  From  the  well  known  relationship  between-] 
the  magnetic  rigidity  0  of  the  electron  and  its  total  energy  E,  ’eflTsH 
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I  i  Many  types  of  extraction  devices  have  been  developed  so  far.  Arn 

I  .,ST  LINE  OF  TEXT 

"antimagnetic  channel"  is  used  in  each  of  these;  an  iron  tube  in  the 

I  i  !  ■ 

|  holilow  of  which  the  strength  of  thle  magnetic  field  is  very  low,  due  I 
^  to  'the  shielding  action  of  the  waljle  of  the  tube .  An  electron  beam  j 

I  |  | 

|  moves  almost  rectilinear ly  through  this  tube  and  is  easily  extracted  j 

J  from  the  chamber .  The  most  universal  extraction  device  satisfies  the 
|  following  requirements:  1)  it  mustj  be  possible  to  extract  electrons  I 
j  from  any  orbit  ( starting  from  thejsecond) ;  2)  the  extracted  beam  j 
I  must  hit  the  sam8Rf  lyft^'ajftirture  in  the  experimental  apparatus  in  I 
[which  it  is  used,  regardless  of  whjich  orbit  it  has  been  extracted  | 
j  from;  and  3)  the  beam  must  enter  tnis  fixed  aperture  in  the  same  di-  I 

I  | 

irection.  Pig.  24  shows  schematically  all  suggested  versions  of  the  i 

1  ‘ 

I  extraction  device  except  the  earliest  version,  which  was  designed  to  i 

i  extract  the  beam  only  from  the  lasjt  orbit .  All  four  versions  satis-  i 

i  \  I 

jfy  the  first  requirement,  but  only'  versions  c)  and  d)  satisfy  the  I 

I  ■■  i  j 

| second  and  third  requirements .  Soj  far  no  information  has  been  received 

Jon  the  use  of  version  c)  in  practice.  j 

|  A  combined  system  of  beam  extraction  is  used  in  the  Swedish  micrcj- 

Itron  [39]  *  first  of  all  the  beam  is  deflected  by  an  electrostatic  de<4 

| f lector  with  E  -  45  w/cm,  and  then]  enters  an  "antimagnetic  channel."  J 

I  In  micrptrons,  the  current  of  the  extracted  beam  is  usually  50  I 

I  I  | 

| to  70?  Of  the  current  circulating  In  the  cor-  'sponding  orbit. 

|  ' 

]  In  conclusion,  let  us  summer izje  the  main  parameters  of  the  work-  | 

ling  microtrons  and  of  one  under  construction  [47]  (Table  III) .  Some  j 

I  '  • 

jmlcro-trons  were  not  described  in  detail  in  the  literature,  and  only — | 

!Tj«RJiklete  data  can  be  given  concerning  them.  4  I 


f)  various  suggested  modifications  and  improvements  in  mlcrptron 


1  L  1 

idaalan.  In  1946,  a  short  article  p]  appeared  concerning  a  modifies-} 
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Hil^iJ^o?^rml'crQtron  suggested  byj  Schwinger.  It  was  suggested  that  ! 

I  |  | 

ja  split  magnet  be  used.  It  is  madp  up  of  the  two  sections  formed  | 
Jwhei  a  magnet  With  cylindrical  poljes  is  cut  along  their  diameter  and  J 
| the  halyes  ape  separated  by  a  certkin  distance.  The  accelerating  I 
j  system  may  consist  of  one  or  severjAl  resonant  cavities;  in  the  latter] 

I  case  the  resonant  cavities  must  be|  excited  from  a  single  generator  j 
land  have  the  proper  phase  shift  relative  to  one  another.  The  resonant 

I  |  I 

I  cavities  are  placed_ inthespace  between  the  sections  of  the  magnet.  | 

|  FIRST  LINE  OF  TITLE  i  j 

jThis  makes  it  possibly  to  increasej  considerably  the  height  of  the  in-j 
iterpolar  gap  of  the  magnet,  making!  it  only  a  bit  larger  than  the  | 


diameter  of  the  gap  in  the  rescnanjt  cavity. 

A  powerful  accelerating  system!  cam  impart  a  high  energy  gain  to  | 
electrons  In  each  orbit.  c2  t  2  mky  be  obtained,  so  that  the  magnetic 
system  will  be  very  compact.  |  | 


|  In  this  version  of  the  microtrpn,  as  In  the  ordinary  microtron,  ; 

I  there  Is  only  a  weak  beam  focusing!  during  transit  through  the  resonant 

!  I  1 

|  cavity.  However,  a  more  powerful  lens  may  be  Installed  together  with; 

i  ;  , 

the  resonant  cavity,  for  example,  puadrupole  magnets.  In  addition,  ! 

I  the  electron  beam  may  be  well  focujsed  even  before  entering  the  magnetic 
field,  since  in  this  version  there!  is  sufficient  space  for  setting  J 
[up  a  high-quality  electron  gun;  inj  this  case  high-energy  Injection  majy 
I  also  be  obtained.  [  ] 

I  In  a  microtron  with  a  split  magnet,  the  resonance  conditions  have! 

:  !  I 

a  form  which  Is  somewhat  different:  from  that  in  the  usual  microtron  i 


[tl8,  50,  12j.  Some  problems  of  thpory,  particularly  the  problefcon  ! 

1 - 4  1  4— - 1 

the  width  of  the  phase-stability  region  as  a  function  of  the  distance 

f— — 3  I  3 — — 

between  the  sectlpns  of  the  magnet  j,  have  been  examined  by  Turl  { 50] _ | 

Hfcny  other  problems,  for  example,  concerning  the  effect  of  a  dispersed 
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iwagpe ti c  field  uppn  electron  motion,  have  yet  to  be  treated.  j 

|  FIRST  LINE  OF  TEXT  1  '  , 

j  So  far  no  information  has  appeared  concerning  the  construction  of 
| a  mjicrotron  of  the  type  described  here.  ! 

J  In  1953 ,  in  the  Soviet  Union  [  5;1  ]  and  Japan  [52],  and  independently 
| in  the  United  States  in  1955  [52], J  cyclic,  strong-focusing  accelerators 
'were  proposed  which  have  a  cpnstanjt  (with  respect  to  time)  magnetic  I 

I  I  1 

| field  (in  Ehglish  they  are  called|  ”FFA(J  accelerators”)  .  I 

I  Data  on  the  possibilities  of  applying  the  principle  of  these  ac-  J 
;  celerators  to  th0RHi!d5Wti,Sfl-£has  sol  far  not  appeared  in  the  literature!, 
jwith  the  exception  of  the  initial  fiiscuspion  [18] .  J 

j  Another  new  type  of  accelerator  having  a  constant  magnetic  field  I 

I  '  I 

jand  strong  focusing,  the  so-called!  accelerator  with  contiguous  orbits,, 

1  I  ' 

I  has  been  proposed  and  treated  in  detail  theoretically  in  a  number  of  I 
j  works  by  Ye.  M.  Moroz  [53,  54,  55  ]j.  The  magnetic  system  of  this  ac-  [ 
jcelerator  consists  of  several  sections  of  a  specially  designed  shape  i 
jand  has  a  uniform  magnetic  field  ip  the  interpolar  gap  of  each  sectioli. 

|  Strong  particle-focusing  is  accomplished  as  a  result  of  the  action 
|  the  outer  magnetic  field  at  the  points  of  entry  of  the  particles  belnjg 
I accelerated  into  the  magnetic  sections  and  at  the  points  of  exit  from! 

!  i  | 

I  these  sections.  Thus,  a  microtron,  with  a  magnetic  system  of  this  typje 
! will  have  the  same  virtues  as  a  microtron  with  a  split  magnet  ( described 

I  I  | 

iabove) ,  but  will  have  magnetic  particle-focusing,  the  lack  of  which  is 

■  i 

Ithe  main  drawback  of  a  microtron  with  a  split  magnet.  Calculation  | 

I  showed  that  a  sectional  magnetic  sjrstem  can  be  constructed  with  a  verjy 

jw±de_j*ange  of  stability  of  motion  bf  accelerated  electrons.  $ - 1 

| - Unfortunately,  there  is  so  far|not  work  in  which  all  these  thiore^i- 

I - 3  I  3- - ^ 

I  cal  conclusions  haye  been  checked  experimentally.  It  was  reported  rep 
[aently  [52]  that  the  construction  |>f  a  4-  to  12-Mev  microtron  wlth-a-j 
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_ma8netlc  system  is  nejaring  completion.  Interesting  data1 
jon  jthe  design  and  operation  of  this  microtron  may  be  found  in  the  | 

J  article  by  Brannen  and  Froelich  [6j?] .  J 

i  6.  Conclusion  I  I 

!  '  i  i 

At  the  present  time  it  is  difficult  to  say  exactly  to  what  energies 

i future  microtrons  will  be  able  to  Vccelerate  electrons.  One  of  the  J 

1 

main  advantages  Of  a  5-  to  10-Mev  jnlcrotron  is  its  simplicity.  It 

!  i  I 

is  the  only  accelerator  which  can  be  built  in  any  laboratory  having  | 

a  machine  shop,  when  moving  to  higher  energies,  the  advantage  of  ! 

| simplicity  is  lost .  The  29-Mev  mibrotron,  whose  parameters  are  de-  | 

|  I  | 

'scribed  above,  required  a  very  carjefully  constructed  magnet  with  a 

I  I  ' 

I  complicated  system  of  compensating}  windings;  after  prolonged  adjust-  | 

Jment  of  the  accelerator,  the  beam  burrent  attainable  in  the  last  orbljt 

!  I 

| was  very  low.  Apparently,  the  uppier  limit  of  energy  of  electrons  ac-| 
jcelerated  in  a  microtron  is  somewhpre  between  50  and  100  Mev  [7,  56].J 
Modern  powerful  magnetrons  can!  operate  when  the  pulse  duration  ofj 
I  the  HP  voltage  does  not  exceed  a  definite  value  (-  3  to  8  Msec)  .  Thijs 

I  fact  imposes  a  limit  on  the  electron  energy  attainable  in  a  microtron!, 

j  |  | 

j  since  when  the  required  number  of  jorblts  is  high,  the  over-all  dura-  j 

tion  of  the  acceleration  process  may  equal  the  duration  of  the  opera-! 

| ting  range  of  the  resonant  cavity. J  It  happens,  however,  that  the  ob-J 

Itainable  (on  the  basis  of  these  considerations)  values  of  the  limiting 
!  i  1 

j  electron  energy  are  very  high  [55]!,  so  that  the  maximum  attainable 

|  I 

electron  energy  in  a  microtron  is  determined,  in  practice,  not  by  thej 

pulse5 duration  of  the  magnetron,  but  by  other  factors,  particularly  I 

- 4  4 - j 

'the  difficulty  of  creating  a  magnetic  field  with  the  required  high 

t - 3  I  3- - 


jdegref  of  uniformity  ( in  a  microtrjjn  without  sectional  focusing) . . . 1 

I  Ih  principle,  it  is  possible  to  create  a  microtron- type  accerera- 

sTophere  ~  ~  1  TroPHFPf  ^ 
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only  electrons,  but  also  Ions,  may  be  accelerated  I 

I  1  !  . ,  ! 

| up  jto  any  energy  desired,  starting!  from  ~  1  Gfev  [57]  •  A  sectional  | 
jmagjietic  system  of  the  type  suggested  by  Ye.  M.  Moroz  [5A]  and  an  ln-J 
|  Sector  In  which  particles  are  accelerated  to  an  energy  exceeding  0.5  j 
Joey  must  be  used  for  this.  If  is  Suggested  that  a  specially  deBignedj 
|  linear  accelerator  be  used  also,  but  already  this  device  is  not  a  | 

i  j 

microtron.  The  author  suggested  that  this  accelerator  be  called  an  J 
|"o*inotron.n  _ | _  ' 

,  FIRST  LINE  OF  TITLE  | 

The  question  on  the  maximum  attainable  beam  current  ( pulse)  of  | 

I accelerated  electrons  is  also  essential.  Its  magnitude  is  determined! 

jby  the  maximum  injection  current,  the  degree  of  electron  focusing  | 

I during  acceleration  and  the  effective  power  of  the  magnetron.  If,  I 
j  1  I 

{When  X  -  10  cm,  the  latter  is  80Q  jew,  then,  taking  the  losses  in  the  , 

I resonant  cavity  and  its  power  system  into  account,  a  power  of  ~ 500  kw! 

t  I  I 

I  may  be  used  for  electron  acceleration.  This  means  that  when  the  elecj- 

Jtron  energy  is  5  Mey,  the  beam  current  may  reach  60  ma  (pulse) ,  and  i 


jwhen  the  energy  is  20  Mey,  the  heap  current  can  reach  15  ma  ( pulse) *.| 
When  the  magnetron  power  is  higher}  the  maximum  beam  current  will  be  I 
correspondingly  higher.  |  j 

There  is,  however,  another  factor  which  may  limit  the  beam  current. 

I  1  I 

]I  a  microtron  electrons  move  in  a  curvilinear  path  and,  therefore, 

!lose  energy  by  electromagnetic  radiation.  Radiation  energy  losses  fob 
I  an  individual  electron  are  extremely  small  in  the  usual  microtron 


(e.g.,  when  W  -  29  Mey  and  H  -  I.07  kilo-oersted,  AW  ~  0.07  kv/rev)  | 

1  1  5 _ I 

land  no  Influence  is  exerted  on  electron  acceleration.  However,  in 


I - "Remember  that  the  beam  currents  reached  in  a  microtron  are2  20~ma! 

at  6  yev  [59]  and  5  ma  at  12  Mev  [f],  , _ j 

I  -  -  stoFhTre  STOP  H£RF  '  ^ 
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view  of-  the  fact  that  in  a  mlcrotrpn  the  electrons  form  highly  compact 

FIRST  LINE  OF  TEXT  j  J 

clusters,  the  role  pf  coherent  radjLstion  Increases  greatly  [3] .  As  j 
I  is  icnown.  In  thla  case  each  electron  radiates  per  unit  path  length  i 

|  !  I  I 

energy  proportional  to  the  number  pf  electrons  in  the  cluster.  Thus  | 

I  the  magnitude  of  the  energy  loss  is  strongly  dependent  uppn  the  beam  j 

I 

.current.  If  the  beam  current  exceeds  a  determined  value,  energy  los- 

1  |  1 

|  see  by  radiation  will  be  so  high  tpat  electrons  will  fall  out  pf  the  I 

j region  of  phase  stability.  J  j 

I  When  ayeraginigsrtk’#  rki'Ht  of  the  beam  current  with  respect  to  I 

I  i  I 

[time,  it  is  necessary  to  remember  the  effective  duty  factor  of  the  | 

Iresonant  cavity,  i.e. ,  the  duty  factor  calculated  taking  into  account^ 

I  only  that  part  of  each  pulse  during  which  the  amplitude  of  the  acceler¬ 
ating  voltage  already  has  a  steadyj-state  value  and  maintains  that  1 

I  '  I 

| level.  In  addition,  it  is  necessary  to  remember  the  relationship 
j between  the  effective  pulse  duration  pf  the  resonant  cavity  and  the  I 
I duration  of  the  process  of  accelerating  an  electron  to  a  given  energy1 
[[351.  !  | 

|  The  accelerator  with  an  electrostatic  generator  ( ESA) ,  the  beta-  | 
tron,  synchrotron  and  the  linear  waveguide  accelerator  (LWA)  are  alsol 

1  1  I 

{well  developed  and  widely  used.  , 

Let  us  compare  the  mlcrotron  with  these  four  types  of  accelera-  ! 

1  '  I 

jtors  with  respect  to  some  of  their!  most  essential  parameters.  1 


1.  The  upper  limit  of  electron  energ 


In  this  respect,  only 


I  the  ESA  is  inferior  to  the  mlcrotrpn,  while  the  other  three  accelera-j 
j-ters-make  it  possible  to  obtain  electron  energies  tens  and  hundreds — | 
I  of  t liras  greater  than  those  possible  in  the  mlcrotron.  4  I 


j _ 2j  The  upper  limit  of  beam  current.  In  betatrons  and  synchro-  j 

irons*  the  pulse  beam  current  ( even  if  the  pulse  duration  is  made - j 
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verysmal  1-~_2-m  sec)  is  lower  by  a" factor  of  tens  than  that  attainable 

FIRSTLINE  OF  TEXT  "  j 

in  a  mlcrotron.  The  ESA  provides  a  continuous  beam;  the  beam  currentj 
is  touch  greater  than  the  average  (with  respect  to  time)  beam  current  J 
In  a  mlcrotron,  but  lower  than  the  pulse  current  .  The  IMA  of  medium  I 
energy  (to  100  May)  can  provide  up|  to  0.8  a  (pulse)  .  I 

5.  The  energy  uniformity  of  accelerated  electrons*  Regarding  thjis 
parameter,  the  ESA  has  an  advantage  over  the  mlcrotron.  As  was  al-  I 
ready  noted,  the  energy  spread  of  electrons  in  a  mlcrotron  does  not  | 
exceed  +50  kw  duef,,%V,f^h8'c  n[fi£rownesp  of  the  phase-stability  region.  J 
Thus  in  a  mlcrotron  when  W  -  20  Mev,  I W  =*  -  2.5*10“^ .  The  IMA  can  | 
approach  the  mlcrotron  with  respecjb  to  the  magnitude  of  (W  only  when  j 
special  measures  are  taken  regardijig  beam-intensity  losses.  | 

4.  Constancy  of  the  average  energy  of  accelerated  electrons  over^ 


an  extended  period  of  time.  Regarding  this  parameter*  the  mlcrotron  j 
I  also  has  an  advantage  oyer  the  othpr  accelerators  except  the  ESA.  | 
I  The  constancy  of  the  energy  of  accelerated  electrons  is  ensured  by  , 

I  I  * 

I  stabilizing  the  strength  H  of  the  paster  magnetic  field;  since  a  i 
{constant  magnetic  field  is  used  lnj  the  mlcrotron,  a  very  high  stabll-j 
ity  factor  of  H  may  be  obtained,  i  I 


5.  The 


Lse  duration  of  the  electron  current  striking  the  tar¬ 


get.  Here  we  dontt  mean  macropulses,  whose  width  Is  determined  by  1 

I  I 

{the  pulse  duration  of  the  supply  to  the  magnetron  and  is  usually  1.5  | 

I  ! 

to  2  p  sec,  but  "micropul sea, "  whose  duration  Is  dependent  upon  the  I 

!  I 

length  of  the  individual  cluster  or  electrons  and  la  In  all  about  | 

sec  when  X  *  10  cm  ( and  under  certain  conditions  it  is  even — ! 

I  l  _ I 

'smaller  [51])  .  The  mlcrotron  gives*  the  shortest  micropulses  of  all  ' 

| - 3  I  3 - \ 

war  king  pulse  accelerators,  which  for  certain  applications  Is  a2das; _ j 

!  ‘  i  ; 

fcMedi  advantage.  I  ' - — | 
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parameters 


Location  of  Mlcrotron 


c  *— * 
2  * 


\  Maximum  kinetic  energy  of 
electrons,  Mev  . 


4,5  0,8  3,3  3,08  4,<i  3,5 


l«»  3,8 


J  Foie  diameter,  cm . j 

i  Height  of  lnterpolar  gap  (  or 
j  Internal  height  of  chamber),cm. 

i  Nominal  strength  or  magnetic 
j  field,  kilo-oersted . 


' Power  supply,  kw. 
! Weight,  t.  .  .  , 


-20  50  «0 


—  1  to  to  to  * 

1,68  1,68  1,68 

0,45 


50  17 


J Wavelength,  cm . 

j  Equilibrium  voltage,  kv.  .  . 

Length  of  accelerating  silt, 


10  3,2  3,2  3,2  10,7  .10,23 

400  —500  255 

255  255  255 

7,8  10  7,05 


0,95  l 


'Diameter  of  gap  In  resonant 
cavity,  mm . ,  . 


Q-factor  of  resonant  cavity 
( without  load) ....... 


Shunt  resistance  of  resonant 

cavity,  Mohm.  .  . 

Power  Input  to  resonant  cav¬ 
ity  (pulse)  ,  kw . 


1  pulse  duration  of  reaonant- 
cavlty  supply,  osee.  .  .  . 


0500  4100 


11  7,2 

7000  8000 

(4500) 


<50  300  200 

( with¬ 
out 
beam) 

0,12-r  l-r3  1,6 

~i 


1  Pulse  repetition  rate, 
1  p/»«c . 


Bean  characteristics 


Number  of  orbits.  .  .  .  .  . 
Diameter  of  last  orbit,  cm. 

Beam  current  ( pulse)  In 
last  orbit,  ma . .  . 


Maximum  beam-extraction  ef¬ 
ficiency,  % 


200  to 

to* 


2l«H-  13-r  200 

-4-2000  -4-1000 


14  12  8  10 

15,22  14,  t  -34  3« 

0,04  0,1  so  1 

0.1 


I  / 
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1 _ only  the  first  four  parameters  examined  above,  it  may  ~] 

FIRST  LINE  OF  TEXT  I  I 

jbe  said  that  only  the  IMA  could  altnost  in  all  cases  replace  the  mlcrol- 
In  a  more  detailed  comparison  Of  the  various  electron  acceler-j 
j^tots,  nad*  taking  the  required  type  of  operation  of  the  given  micro-j 
|trpn  into  account,  other  parameter^  may  prove  to  be  essential,  for  I 
| example,  the  coat  of  the  apparatus,  ita  mobility,  oyer-all  and  sped-! 

| fie  volume  (i.e.,  the  volume  required  per  1  kw  beam  power,  the  power  i 
J  efficiency  of  the  accelerator,  the  possibility  pf  varying  the  energy  J 
I  of  accelerated  electron*  continuously  and  within  wide  limits,  the  | 

i  I 

j  characteristics  of  the  extracted  beam  ( the  yield  factor) ,  the  beam  j 

I  diameter,  and  the  angular  divergence .  | 

I  1  I 

j  The  inherent  parameters  of  the)  microtron  make  it  a  very  effectivej 

I  injector  for  a  large  synchrotron  [|l8,  16,  17],  and  a  convenient  ac-  | 
joeieratpr  for  generating  submllllmiter  waves  [31,  32]  and  for  nuolearj 

|  physics  research  using  the  transit <-time  method  [18]. 

I 

j  Note  that  the  microtron  is  used  to  study  electron  scattering  ( it  I 
jia  suggested  that  the  radiative  correction  be  determined  In  the  elastic 
j  scattering  of  electrons  [58])  and  for  studying  the  action  of  electrons 
(with  an  energy  pf  2  Kev  upon  the  rotation  angle  of  the  plane  of  polarf- 
|isation  in  a  fluid  [59'J.  J  j 

The  short  duration  of  electron!  miorppulses.  Inherent  In  miOrQtron|B, 
makes  it  difficult  to  set  up  experiments  in  which  particle  or  quanta  j 
| counters  are  used  which  have  a  comparatively  long  dead  time  [61.  | 

However,  this  drawback  may  be  overcome  by  using  reasonably  designed  ' 

I  1  1 

.apparatus .  1  , _ . 

<  I 

i  SO  far  the  articles  published  by  laboratory  workers  who  have - — 1 

I - 3  I  3 _ j 

built  microtrons  have  been  devotedf  for  the  most  part,  to  problems 

ofstudying  the  accelerator  itself  j.  No  doubt,  in  the  future,  j 

publications  i^ll  j^pear  conc eming  physical  ^tu^gpyg|de  uaingan  -  J 
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a  ■K»°tron.  |  j 

|  The  modem  10-  to  20-Mev  microjbron,  designed  on  the  basis  of  | 
progress  made  In  this  area,  will  bje  a  compact  accelerator  with  suf-  J 
flciently  high  bean  current.  This!  microtron  will  probably  supercede  I 
the  betatron,  which  is  at  the  present  time  used  in  industrial  defectoj- 
scopy  and  in  medicine.  I 
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